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ABSTRACT
STRENGTHENING URBAN GREEN: USING GREEN INFRASTRUCTURE FOR
BIODIVERSITY IMPROVEMENT IN BOSTON’S HIGHLY FRAGMENTED
URBAN ENVIRONMENTS.
MAY 2010
CHRISTOPHER MANTLE, B.S.L.A. UNIVERSITY OF KENTUCKY
M.L.A. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Jack Ahern

Increasing recognition of the worlds' expanding population and current global
rural-to-urban migration necessitates a better understanding and integration of urban
ecological process into the framework for urban design (Sandström, 2006). Incorporating
ecological processes such as resilience and dispersal into urban design requires special
attention be paid to green infrastructure for the preservation and restoration of
biodiversity. In addition, biodiversity improvement promotes related ecosystem services
(Opdam et al., 2006) and advocates biodiversity conservation and strengthening as a key
part of the development of sustainable urban landscapes.
This research developed a replicable and broadly applicable method for
determining the ability of green infrastructure to increase abundance of the three target
species, and by extension, biodiversity. By applying the urban biodiversity assessment
iv

method, green infrastructure can be designed to build neighborhood scale urban
ecological networks, specifically designed for the target species in Boston’s highly
fragmented urban landscapes.
Green infrastructures such as urban parks, riparian corridors, street trees, and
unused abandoned land have the ability to serve as important reserves of biodiversity.
Using the spatial pattern analysis program FRAGSTATS, the assessment of green
infrastructure demonstrates its potential for increasing biodiversity of three target species
(Red-tailed Hawk, Song Sparrow, and Variegated Fritillary). The comparative analysis
of the existing green infrastructure with the proposed scenarios will determine their
potential

for

species-specific

neighborhood

scale

biodiversity

improvement.

Additionally, the comparison of the proposed scenarios and their rating helps provide
valuable information regarding the spatial configuration of green infrastructure and the
effect that it can have on target species.
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CHAPTER 1
OBJECTIVES AND INTRODUCTION
“Biodiversity plays a key role in long-term ecosystem functioning” (Alvey, 2006)
Objectives and Description
The main objective of this thesis is to develop and demonstrate an original method for
assessing biodiversity functions provided by green infrastructure in urban environments.
Green infrastructure refers to parks, playgrounds, community gardens, greenways and
recreational trails, street trees and parkland trees, public plazas and landscapes, green
roofs, unused abandoned land, and public and private land used for recreation (Schilling
& Logan, 2008). The method will include a mapping tool and methods to communicate
the meaning of results obtained from landscape metrics and GIS data. The green
infrastructure assessment method will analyze and place values on: biodiversity, green
infrastructure, landscape configuration, and target species. This research seeks to address
the potential contribution green infrastructure can provide for biodiversity.
Fragmentation, the largest impediment to the use of green infrastructure for wildlife
habitat, is the common characteristic within all urban landscapes. Fragmentation is a
disruption in physical continuity. Habitat fragmentation is a landscape-level process of
landscape change in reference to a specific habitat resulting from either natural or
anthropogenic causes (McGarigal, 2005). Fragmentation results in a loss of wildlife
habitat, and loss of connection between existing patches, which ultimately causes a
reduction of biodiversity (McGarigal, 2005). Degradation, loss, and fragmentation of
habitat, the greatest threats to biodiversity at the global scale, are also the greatest
1

impairments to urban biodiversity. And while urban ecosystems have typically been
thought of in relation to their negative impact on biodiversity (Middleton, 1994;
Wachernagel and Rees, 1996) arguably they also have the ability to support increasing
levels of biodiversity when conceived and implemented in conjunction with urban green
infrastructure. Urban parks and other green infrastructure can function as important
reserves of biodiversity (Alvey, 2006). The use of green infrastructure for increasing
biodiversity will become even more important since over half the world’s population
lives in urban areas compared with approximately 14% from a century ago (United
Nations, 2001). This urban growth trend has the capacity for dramatically altering the
ecological processes found in cities.
Fragmenting features for this study include roadways and land-use cover types that
are not compatible with the habitat requirements of the target species, including
commercial and industrial land-uses. The method developed uses “habitat association”
(Degraaf) to measure the potential increase in biodiversity based on specific types and
configurations of land cover (Degraaf, 2001). This study is based on the assumption of
biodiversity potential for the studied neighborhood planning districts and not on actual
species monitoring within these areas. The mapping conducted in this study is based on
measured landscape patterns in several dimensions corresponding to how the target
species presumably perceive and respond to landscape structure. The selection of the
target species is based on their ability to support the assessment of habitat quality, under
existing and alternative future configurations.

2

Scope and Context of Study
The scope of this study includes the development of a conceptual framework for the
assessment of green infrastructure to provide biodiversity functions in urban
environments. The proposed method of assessing the potential increase of urban
biodiversity using green infrastructure addresses the need to reduce fragmentation of
habitat patches within the urban context to establish effective ecological networks. The
study uses a patch mosaic model of landscape structure based on thematic content
including land-use cover, open space, roadways, building footprints, and tree canopy data
obtained from the Office of Geographic and Environmental Information (MassGIS),
Commonwealth of Massachusetts, Executive Office of Energy and Environmental Affairs
and the Urban Ecology Institute. Using the thematic content two assessments were
conducted: the first is the assessment of green infrastructure scenarios for their ability to
increase urban biodiversity, and second is the assessment of green infrastructure
implementation. Thematic resolution of the model (the number of classes displayed
within each map) varies among individual landscape metrics but remains constant across
target species. The availability of data regarding landscape structure and target species
habitat requirements were used to determine the mapped spatial grain for the analysis.
This spatial grain remains constant among species for comparison and consolidation into
a comprehensive series of choropleth maps. These hierarchical maps highlight priority
areas for development or preservation of green infrastructure. Determining functional
spatial grain for the target species or how the species views the landscape is beyond the
capacity of this study. For this study, the mapped spatial extent is based on habitat
requirements of the species obtained from published literature.
3

The neighborhood planning district was chosen as the spatial unit for this study for a
number of reasons. Primary among these is the fact that the neighborhood planning
district is the spatial unit at which planning and design implementation often happens
within the urban context and maintenance often falls to the residents of the
neighborhoods in which these elements are introduced. The use of the neighborhood
scale assessment will result in an ecologically arbitrary scale for the target species under
consideration, and an interpretation of landscape structure that is constrained by the use
of a spatial unit based on a political boundary. However, the neighborhood planning
district is a viable spatial unit due to its inclusion of anthropogenic processes into the
ecological framework. The scope and limitations of the analysis given the neighborhood
specific scaling considerations are yet to be determined and it will not be within the
capacity of this study to determine the overall impact of the use of additional scales.
This thesis focuses on two contiguous neighborhood planning districts within Boston
Proper as defined by the Boston Redevelopment Authority: (1) Fenway and (2) Mission
Hill. Selection of neighborhood planning districts was based on the following
characteristics: percentage of open space; population growth or loss within the last 10
years; location within the Boston Metropolitan Area, data availability, and connection to
additional studies being conducted in the neighborhoods.

4

Fenway
Mission Hill

Figure 1.1 - Selected neighborhood planning districts within Boston.
Within each neighborhood planning district study area, three scenarios are examined
based on the habitat preferences and requirements of target species. For this study each
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scenario is based on a single species in order to simplify measures of habitat requirements
but the scenario is assessed for all species to determine the overall effects on the target
species. The study is conducted using habitat association for three target species: Redtailed Hawk (Buteo jamaicensis), Song Sparrow (Melospiza melodia), and Variegated
Fritillary (Euptoieta claudia)(Fig. 1.2). The first scenario is based on the habitat
requirements of the Red-tailed Hawk (Buteo jamaicensis) including standing trees for
nesting and perching located in close proximity to open grass areas. The second scenario
is based on the Song Sparrow (Melospiza melodia) and implements an increase in
contiguous scrub/shrub areas especially in close proximity to wet areas. The final
scenario is based on the habitat requirements of the Variegated Fritillary (Euptoieta
claudia) and consists of an increase in grass patches within the neighborhood districts.
The study also addresses the assessment of potential areas for green infrastructure
implementation based on spatial and physical requirements of individual features and the
prevalence of patches that meet these requirements within the study areas. The
assessment of potential areas for green infrastructure implementation combined with the
assessment of existing habitat areas create the base from which the potential green
infrastructure implementation scenarios will be evaluated for their ability to support
biodiversity. Since the data output from the analysis is lacking spatial information the
use of the existing analysis as a base for comparison is crucial.
The assessment of a scenarios ability to increase urban biodiversity using green
infrastructure is achieved by comparing the spatial analysis data for the individual
neighborhoods and an overall comparison of the entire scenario. The scenarios are also
rated using a weighted index system based on the metric outputs and their relation to
6

target species requirements. The use of target species provides the specific spatial
requirements needed for the assessment of increasing urban biodiversity. While there is
insufficient information to determine at which scale the selected target species perceive
and respond to specific habitat patterns, by using habitat association we can infer the
necessary spatial requirements for the target species habitat.

Figure 1.2 – Selected target species (Red Tailed Hawk (Buteo jamaicensis), Song
Sparrow (Melospiza melodia), and Variegated Fritillary (Eutptoieta Claudia))
The assessment method involves the use of GIS data for the city of Boston including
landuse cover, tree canopy data, roadways, open space, building footprints, and land
cover class data from the Urban Ecology Institute. The GIS data is analyzed using 14
landscape metrics within the spatial analysis program FRAGSTATS. This analysis
results in a set of landscape structure data addressing configuration and composition. The
landscape structure data allows the user to compare the existing green infrastructure
against the proposed scenarios to determine their potential for increasing urban
biodiversity. The comparison of the FRAGSTATS data is crucial, since it is the
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measured change that helps determine the ability of the scenario to increase urban
biodiversity. It is the comparison of the existing and proposed data, in relative terms, that
is used to determine spatially significant habitat areas for the target species based on the
habitat requirements of each.
Introduction
The world’s expanding population and current global rural-to-urban migration
necessitates a better understanding of urban ecological processes and their integration
into the framework for urban design. Incorporating ecological processes, such as, species
habitat provision and dispersal into urban design through green infrastructure can
arguably preserve or restore urban biodiversity. In this thesis, landscape metrics will be
used to analyze and correlate urban spatial patterns with habitat association models. The
proposed conceptual framework highlights the need for interdisciplinary research on the
ability of green infrastructure-based ecological networks for biodiversity strengthening.
It also advocates for the development of broadly applicable landscape metrics for the
assessment of biodiversity potential based on representative, or target species.
Habitat conditions in urban environments are affected not only by the amount of
impervious surface but also by the patterns of urban development and roadways. In
urbanized environments, the restoration of managed and ruderal habitats may be more
feasible than the acquisition of additional remnant habitat. In order for green
infrastructure to have a significant effect on biodiversity in the urban environment
additional data is needed on the composition and configuration required for supporting
desirable species.

8

The use of target species can provide measurable habitat requirements of
composition and configuration that can be used objectively in biodiversity monitoring
and assessment (Hess, 2006). The representative species and their associated habitat
requirements provide a valuable link between ecological pattern and ecosystem process
that can be applied in urban planning and design to conceptualize and assess the
biodiversity potential of future urban ecological networks (Opdam, 2008). Even with the
use of target species, there remains a need for a method of analyzing spatial composition
and configuration of habitat required for the preservation of overall biodiversity.
However, representative species do provide the necessary measurable attributes and
indicators for assessing the potential of an area for biodiversity strengthening.

9

CHAPTER 2
LITERATURE REVIEW
Abstract
Increasing recognition of the world’s expanding population and current global
rural-to-urban migration necessitates a better understanding of urban ecological processes
and their integration into the framework for urban design. Incorporating ecological
processes, such as, species dispersal into urban design through the use of green
infrastructure can preserve or restore urban biodiversity. The aim of this literature review
is to introduce a conceptual framework for the use of green infrastructure to address
specific requirements of target species for increasing urban biodiversity. Landscape
metrics will be used to analyze and correlate urban spatial patterns with habitat
association models. The interdisciplinary literature review discusses the concepts of
green infrastructure, ecological networks, biodiversity, representative species, and
landscape metrics. Based on a synthesis of the literature, a conceptual framework is
presented. The proposed conceptual framework highlights the need for interdisciplinary
research on the use of green infrastructure for increasing urban biodiversity and the
development of broadly applicable landscape metrics for assessing biodiversity potential
based on target species.
Contents
1. Introduction
2. Aims and objectives
10

3. Methods for literature review
4. Definitions
5. How is spatial configuration used in biodiversity research?
6. How does the use of green infrastructure based ecological networks increase the
potential for biodiversity in urban environments?
7. How can landscape metrics be used to predict a specific green infrastructure
plan/layouts benefits for biodiversity?
8. How have representative species been identified/selected (keystone, target,
indicator), and what ways were used to select the representative species?
9. Discussion
10. Literature review conclusion
a. References – Include Measuring Landscapes and other references on
Landscape Metrics, Urban Biodiversity, Habitat Association, Green
Infrastructure.
Introduction
Over half the world’s population lives in urban areas, compared with approximately
14% from a century ago (United Nations, 2001). This urban growth trend has the
capacity for dramatically altering the ecological processes found in cities. A study by
McKinney (2002) showed that the loss and fragmentation of natural habitat has reduced
11

the richness of taxa including plants, birds, insects, and mammals in the urban core to less
than half of that found in rural areas (McKinney, 2002). Research has shown that
biodiversity plays a key role in long-term ecosystem functioning (Alvey, 2006). And
while urban ecosystems have typically been thought of in relation to their negative
impact on biodiversity (Middleton, 1994; Wachernagel and Rees, 1996), they have the
ability to support increasing levels of biodiversity in urban green infrastructure. Green
infrastructure elements found within cities include parks, playgrounds, community
gardens, greenways and recreational trails, street trees and parkland trees, public plazas
and landscapes, green roofs, unused abandoned land, and public and private land used for
recreation (Schilling & Logan, 2008). Urban parks and other green infrastructure can
function as important reserves of biodiversity (Alvey, 2006). Green infrastructure
emphasizes the quality and quantity of urban green and the multifunctional role of these
spaces (Sandstrom, 2002), as well as the connection of these habitats (van der Ryn and
Cowan, 1996). As the world becomes more urbanized, green infrastructure will become
increasingly important as a reserve of biodiversity. Degradation, loss, and fragmentation
of habitat are considered to be the greatest threats to biodiversity at the global scale.
(Wilcove et al., 1986; Soulé, 1987; Fahrig and Meriam, 1994; Tilman et al., 1994; Wiens,
1995). These same factors are the greatest impediments to biodiversity enhancement in
the urban environment.
There tends to be a continuous decline in habitat quality as urban density increases,
with proper consideration to the composition and configuration of green space, there is
potential to increase ecological performance regardless of urban density (Tratalos, 2007).
Studies have clearly indicated that ecological conditions related to habitat in urban
12

environments are affected not only by the amount of impervious surface but also by the
patterns of urban development and roadways. Studies addressing biodiversity within the
urban environment typically fall into one of three categories: those addressing increasing
biodiversity in urban environments, those related to the management or control of
undesirable species with urban environments, and those addressing the impact of the city
on adjacent ecosystems. Factors affecting overall biodiversity include human population
density, road density, air and soil pollution, average air temperature, soil compaction, and
soil alkalinity, and all of these factors have been shown to increase in urban environments
(McKinney, 2002; Alberti, 2005). In highly urbanized environments, the restoration of
managed and ruderal habitats may be more feasible than acquiring remnant habitat. In
order for green infrastructure to have a significant effect on biodiversity in the urban
environment, data is needed on the composition and configuration required for supporting
desirable species.
Representative species can be selected to support the assessment of habitat
quality, under existing and alternative future configurations. The use of representative
species is based on the assumption that the protection of the chosen species will result in
the protection of other species and therefore will support overall biodiversity (Margules
and Pressey, 2000). The use of these representative species can provide measurable
habitat requirements of composition and configuration that can be used objectively in
biodiversity monitoring and assessment (Hess, 2006). The representative species and
their associated habitat requirements provide a valuable link between ecological pattern
and ecosystem process that can be applied in urban planning and design to conceptualize,
and assess the biodiversity potential of future urban ecological networks (Opdam, 2008).
13

Aims and objectives
The aim of this chapter is to review and synthesize literature on the landscape metricbased analysis/assessment of green infrastructure for the creation of urban ecological
networks, with respect to their potential to increase urban biodiversity. These goals have
been achieved through addressing three objectives: (a) constructing a set of definitions;
(b) undertaking a critical literature review of the associations between ecological
networks, green infrastructure, biodiversity potential, and landscape metrics; (c)
constructing a conceptual framework of the interface between these areas of study. This
conceptual framework has been developed to help organize existing research and to foster
new research regarding the use of landscape metrics for the analysis of green
infrastructure-based ecological networks for increasing urban biodiversity. This review
aims to draw attention to and stimulate the debate on the use of urban ecological
networks based on green infrastructure elements for increasing urban biodiversity.
Methods
An electronic journal indexes search based on keyword searches of urban
ecology, ecological networks, green infrastructure, biodiversity, biodiversity potential,
landscape metrics, representative species and representative species selection was
conducted. During the initial stage of the literature review only peer reviewed journal
articles were selected for review. Additionally, books, especially those considered to be
landmark publications were also included in the literature review.
The literature reviewed revealed a number of relationships and themes that relate
to urban ecological networks, urban biodiversity improvement, and green infrastructure.
14

To focus this literature review, a series of questions were created, and asked of each
article reviewed:
1. How is spatial configuration used in biodiversity research? (spatially explicit,
empirical data from observations, measured with GIS/metrics,…?)
2. How does the use of green infrastructure based ecological networks increase
the potential for biodiversity in urban environments?
3. How can landscape metrics be used to predict specific green infrastructure
plan/layouts benefits for representative species and, by extention, more
broadly to biodiversity?
4. How are representative species defined (keystone, target, indicator), and
what methods were used to select the representative species?
These questions were used to narrow the focus of the literature review and to construct a
conceptual framework illustrating the relationship between green infrastructure,
ecological networks, biodiversity, landscape metrics, and representative species based on
associations that have been addressed in published studies.
Definitions
The need for the development of urban green space systems as a coherent planning
and design entity fostered the concept of green infrastructure (Sandström, 2002). Green
infrastructure comprises all natural, semi-natural and artificial networks of
“multifunctional ecological systems” at all spatial scales, in urban and semi-urban areas
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(Tzoulas, 2007). The concept of green infrastructure emphasizes connections between
elements (van der Ryn and Cowan, 1996), multifunctionality (Sandström, 2002), and
both quantity and quality of green spaces (Turner, 1996). Green infrastructure has the
potential to guide urban development by providing a framework for both conservation
and economic growth if implemented into a proactive planning and development process
(van der Ryn and Cowan, 1996; Schrijen, 2000; Walmsley, 2006). The planning and
development process of green infrastructure as well as its emphasis on connectivity
provides opportunity for the creation of urban ecological networks.
The concept of ecological networks comes from the need to address the knowledge
gap between ecology and planning and design (Opdam et al., 2002), and the need for a
flexible spatial concept that links landscape pattern to ecological sustainability (Opdam,
2006). Ecological networks are sets of ecosystems of similar type that are connected in a
spatially coherent system based on ecological processes (Opdam, 2006) and may be
either single or multipurpose (Jongman, 1995; Opdam, 2006). Ecological networks also
emphasize the flexibility of the network structure, which can be altered over time while
still meeting the target ecological processes (Opdam, 2006). This networking strategy
allows the spread of risks over a larger area by linking isolated patches into a larger
coherent system, increasing resilience (Opdam et al., 1995; Opdam, 2006). The concept
of ecological networks also works to incorporate biodiversity conservation into
sustainable development.
Biodiversity has been defined in many ways but is generally considered to mean
variability of life (Savard, 2000). Biodiversity has been shown to play a key role in the
long-term functioning of ecosystems (Alvey, 2006) and relates directly to ecological
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resilience (Alberti, 2005) and long-term sustainable development (Constanza et al. 1997;
Loreau et al. 2001). When used properly, the concept of biodiversity can be used as a
framework for conservation (Savard, 1994), however, the use of biodiversity in planning
for sustainable development has been limited by the fact that biodiversity can be difficult
to measure. Biodiversity occurs at all levels of organization: genetic, individual,
community, species, and ecosystem (Savard, 2000). Thus, it is necessary to dictate which
specific level(s) of biodiversity are the targets for planning. Even then it can be difficult
to accurately measure biodiversity in a specific area by traditional methods of
observation. This has lead to the use of representative species in biodiversity
conservation as a tool for indicating the biodiversity present in an area (Margules and
Pressey, 2000).
The concept of representative or surrogate species has become a popular solution for
addressing the issue of lack of resources but continued need for biodiversity conservation
(Margules and Pressey, 2000). The representative species concept assumes that the
protection of the species will also result in the protection of other species, and therefore
overall biodiversity (Margules and Pressey, 2000). The use of representative species can
be divided into three categories: flagship, indicator, and umbrella species with each
having a specific function (Simberloff, 1998, Hess, 2006). Flagship species are large,
often charismatic, species with public appeal whose habitat protection will indirectly
conserve other species that use the habitat (Hess, 2006). Examples include: tigers in
India, pandas in China, panthers in Florida, or wolves in Wyoming. Indicator species can
serve multiple functions. Their presence is associated with that of other species (Redtailed Hawks are found in areas with high densities of small mammals and birds) and
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overall biodiversity, and their fluctuations are thought to reflect physical and chemical
changes in the environment (Simberloff, 1998; Sergio, 2005; Hess, 2006). Umbrella
species utilize such large areas for habitat that their protection will by default protect
various other species and ecological processes (Hess, 2006). Even with the use of
representative species, there remains a need for a method of analyzing spatial
composition and configuration of habitat for supporting and increasing the abundance of
individual species and overall biodiversity. Representative species provide the necessary
measurable attributes and indicators for assessing the potential of an area for biodiversity
strengthening making an analysis of spatial composition and configuration possible.
Landscape metrics are a standard of mathematical measurement that relates to
configuration or composition of landscape elements. Essentially, landscape metrics are a
statistical measure of landscape structure. These metrics have become common tools in
monitoring and analysis (Li and Wu, 2004; Schindler et al., 2008; Cushman et al., 2008).
When used correctly a combination of landscape metrics can universally describe major
attributes of landscape structure (Cushman, 2008). The ability to universally describe
attributes of landscape structure aids in the understanding of interactions between
ecological process and spatial pattern (Wu and Qi, 2000).
How is spatial configuration used in biodiversity research?
In highly fragmented areas such as those found within urban environment the spatial
arrangement of habitat patches greatly affects a species ability to survive. The use of
urban landscapes for maintaining biodiversity is becoming critically important as
urbanization increases worldwide (Sandstrom, 2006). Increased interest in biodiversity
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presents a distinct opportunity to holistically address environmental problems,
transitioning focus from the traditional fragmented methods of addressing elements on a
species-by-species basis (Noss, 1990) to that of a larger functioning system. This focus
on systems of functioning ecological networks requires specific attention on the spatial
configuration and composition of habitat. The context for studying the effects of spatial
configuration on biodiversity is provided by landscape ecology, which considers the
importance of connectivity of habitats and the crucial role of movement in population
dynamics (Fahrig and Merriam, 1985). A key area of focus in urban environments is on
the persistence of metapopulations, which are a set of local populations within a larger
area where movement between populations is possible (Turner et al.,2001).
Metapopulation persistence is highly influenced by the degree in which local populations
are functionally connected (Fahrig and Merriam, 1985). In respect to avian populations,
the dynamics of local populations of many species are affected by the connectivity,
isolation, and size of habitat patches (Nikolakaki, 2004). The size of individual patches
affects their ecological value, with larger patches being more valuable due to their ability
to support large, persistent populations (Cook, 2002).
While there are limitations to habitat within the urban environment, the spatial
configuration of this habitat can have a significant impact on urban ecology (Ahern,
2007). The current limited development of habitat within urban environments is related
to a number of factors. Urbanized landscapes are heterogeneous and highly fragmented
matrices (Weng, 2007). In these highly modified urban landscapes, fragmentation results
in a reduction of overall connectivity of patches and a separation and isolation of
elements within the landscape causing significant impacts to ecological processes that
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require connectivity (Ahern, 2007). These habitat patches found within the urban
environment have a finite lifetime, and the overall amount of habitat may reduce with
time further decreasing habitat continuity (Hanski, 1999). This disappearance of patches
within the urban landscape increases the rate of local extinction, and reduces the rate of
recolonization making metapopulation persistence more difficult (Hanski & Ovaskainen,
2003).
Fragmentation creates dispersal barriers for many species by separating once
continuous habitats, ultimately endangering their persistence (Olff, 2002). Fragmentation
alters the configuration of patches of habitat within the broader habitat mosaic
transforming the entire landscape mosaic instead of merely altering the characteristics of
a single patch (McGarigal, 2005). Habitat fragmentation is a landscape-level process of
landscape change in reference to a specific habitat resulting from either natural or
anthropogenic causes. Habitat fragmentation has to be considered a species and habitat
specific process since the characterization of habitat requires species-specific spatial
requirements (McGarigal, 2005). Attention needs to be paid to scale when discussing
habitat fragmentation since it is largely a scale dependent process, at one scale a
landscape may be highly fragmented while at a coarser scale the same landscape may
seem comparatively unfragmented (McGarigal, 2005). In addition for the fragmentation
of habitat to be consequential to a specific species it must occur at a scale that is
functionally relevant to that species (McGarigal, 2005). However, research has shown
that the impact of fragmentation on diversity varies from negative to positive depending
on the spatial and temporal scales and the organism involved (Olff, 2002).
Fragmentation results in a loss of wildlife habitat, loss of connection between existing
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patches, and ultimately a reduction of biodiversity (McGarigal, 2005). However,
fragmentation and spatial heterogeneity at small spatial scales has been frequently
associated with higher species richness (Tilman, 1982; Chaneton and Facelli, 1991;
Huston, 1994) due to exclusion of competition, which is counteracted if it results in the
deterioration or conversion of habitat to a condition unsuitable for the species (Olff,
2002). At an intermediate spatial scale the effects of fragmentation are generally
negative affecting both the colonization and extinction rates of patches that would
otherwise be suitable for the species (Hanski and Simberloff, 1997; Olff, 2002).
Fragmentation at large spatial scales can once again have a positive effect on species
diversity (Olff, 2002). At these large spatial scales fragmentation of species leads to
differing speciation processes for species.
Habitat fragmentation results from both natural and anthropogenic causes. In the case
of urban environments, we are focusing primarily on anthropogenic changes that push the
level of fragmentation outside the range of natural variability and the impacts this
increased level of fragmentation has on species (McGarigal, 2005). Fragmentation,
however, is only one aspect of spatial distribution when viewed from an ecological
context and while significant work has been conducted on the effects of habitat
fragmentation less is known about the effects of other spatial distribution aspects such as
aggregation and patch richness (Hanski and Simberloff, 1997; Olff, 2002).
The inevitable result of habitat fragmentation is the creation of edge environments.
Habitat fragments have a greater amount of edge per area and a smaller interior area that
is closer to the edge. Patch edges have unique conditions with altered fluxes of wind,
nutrient cycling and availability, as well as levels of water availability and sun exposure
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all of which affect the presence of animal and plant communities (Saunders et al. 1991,
Murcia 1995). The intensity of edge effects are influenced by factors such as patch size,
shape, and boundary contrast between neighboring patches or patch and matric
boundaries (Forman and Godron 1981). The boundary contrast between neighboring
patches is often based on the structural differences between the different habitat types but
can also be based on the land use of the patches if the habitat is located within an urban
environment (Environmental Law Institute, 2003).
As mentioned previously, large patches especially those with a more circular shape
will have a larger percentage of interior habitat and less edge effect. Large patches due to
their buffering from external influences and heterogeneity are more likely to contain
high-quality habitat (Opdam, 2008). And while large patches are recommended within
urban environment they are often not realistic. Small patches are also capable of playing
a significant role in the conservation of biodiversity (Forman and Godron 1981).
Although larger patches may contain a larger area of habitat, a network of small habitat
patches may often contain a greater diversity of habitats and species (Forman and Godron
1981, Saunders et al. 1991, Forman 1995). For example, wetland areas smaller than 2 ha
can support high amphibian species richness and small patches of isolated riparian habitat
are vital for migratory birds (Richter and Azous 1995). These small habitat patches if
strategically placed can serve as “stepping stones” for spceeis dispersal and
recolonization between larger habitat patches (Fahrig and Merriam 1994; Forman 1995).
The difficulty is in determining the placement and minimum patch size of these small
isolated habitat patches required to create functioning ecological networks.
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Minimum patch size refers to “the smallest habitat patch that should be protected in
order to sustain a species, the diversity of species or communities, or functioning of
ecosystems” and is determined by measuring species occurrence on a specific site, the
density of species on the site, and the success of nesting and breeding (Environmental
Law Institute, 2003). Minimum habitat patch sizes for bird species range from 1 ha
(hectare) to up to 2,500 ha with the majority falling under 50 ha (Environmental Law
Institute, 2003). Minimum habitat patch sizes vary widely even when discussing a single
taxonomic group or species. Varying habitat sizes reflect the range of habitat needs for
difference species in different contexts or within different ecosystems and the complexity
of species response to habitat fragmentation (Environmental Law Institute, 2003). The
wide range of recommended minimum habitat patch sizes shines light on the issue that a
minimum habitat patch size for a whole group doesn’t exist and that the minimum size
thresholds are completely dependent on the species being studied (Environmental Law
Institute, 2003). The complex nature of determining the minimum habitat patch sizes for
specific species calls for interdisciplinary work between land use planners and biologists
to better implement conservation strategies. This is reiterated by the viewpoint expressed
by much of the scientific community, that there is simply not enough known about
minimum critical thresholds that should be protected in order to ensure the maintenance
of species diversity and composition (Noss and Harris 1986).
Minimum patch size is only one determining factor of whether or not a patch will
support the persistence of a species, ecosystem functions, and biodiversity. Additional
factors that should be considered are the patch shape, location, condition, boundary,
configuration, and the role that the patch plays in the larger context of the landscape
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(Environmental Law Institute, 2003). The condition of the matrix in which a patch is
embedded also influences the effective size of the remaining patch fragments and the
degree in which these patch fragments are isolated (Andrén 1994, Lindenmayer and
Franklin 2002 as cited in Environmental Law Institute, 2003). In some instances, the
matrix is capable of supporting populations of species or allowing for adequate species
dispersal between fragments (Environmental Law Institute, 2003).
It is generally accepted that diversity and species viability are enhanced by a well
connected series of habitats (Fahrig and Merriam 1985, Noss and Cooperrider 1994,
Beier and Noss 1998). Research from landscape ecology has shown that connectivity
should not solely express distance of spatial configuration but should also incorporate the
effect of the landscape matrix on species dispersal (Forman and Godron, 1986;
Nikolakaki, 2004). This is reinforced by the concept of landscape resistance, or the
difficulty or resistance to cross a land use type or landscape element for a individual or
species (Nikolakaki, 2004). Land use types or landscape elements less suitable for
dispersal of species receive higher resistance values. Landscape resistance is evident in
the hesitancy of birds to fly over open habitat, increased dispersal mortality in open
landscapes, and the restriction of species movement based on areas covering distances
that are well below a species flying ability (Opdam, 1984; Nikolakaki, 2004).
Long-term maintenance of viable populations in small isolated habitat reserves has
drawn attention to the need for improved species movement over large distances, which
resulted in the use of corridors. Corridors are a conservation measure commonly used to
counteract the negative effects of habitat fragmentation and patch isolation on small
isolated reserves of habitat (Noss, 1991; Environmental Law Institute, 2003). There has
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been debate over the scientific merit of corridors in wilderness areas, however, the
benefit of corridors for the conservation of biodiversity is widely accepted in landscapes
that have been heavily impacted and substantially modified by people (Hilty et al., 2006;
Musacchio, 2008). The use of vegetation corridors for the connection of urban green
areas is critical for the strengthening and enhancement of urban biodiversity (Flink and
Searns, 1993). While corridors are a common way of creating connectivity in urban
environments it can also be achieved by using networks, stepping stones, or through
management of the matrix so that it is less hostile to ecological processes and to
interactions among habitat patches (Hersberger, 2006). The elements that comprise these
patches, corridors, and stepping-stones are considered examples of green infrastructure.
Fragmented networks comprising of semi-natural, artificial, secondary succession, and
open area habitats can be found in many cities and are an important feature for urban
biodiversity, functioning as stable and transient habitats (McIntyre, 2000; McIntyre et al.,
2001), and also as corridors and stepping stones for species dispersal (Spellerberg and
Gaywood, 1993; Kirby, 1995). A small patch of an ecosystem that mainly contributes to
the connectivity of the network rather than its carrying capacity can be defined as a
stepping-stone (Opdam, 2008). These stepping-stones are often too small for the habitat
requirements of certain species but contribute to the movement of species in the network
(Opdam, 2008). When placed strategically these stepping stones can facilitate the
connection of ecosystem networks, increasing the total area of the network and its overall
sustainability (Opdam, 2008).
The protection of landscapes for aesthetic purpose often focuses on linear landscape
features with associated nodes, links, and interconnecting linkages. According to
25

Rockwood (1995) this pattern is evident in the protection of riparian areas along rivers
with associated parks acting as nodes and greenways functioning as the interconnecting
linkages (Rockwood, 1995). This opportunity for the correlation of biodiversity,
recreational, and aesthetic planning, provides a wider approach to urban planning and
design with clearly associated biodiversity gains (Rockwood, 1995).
Opportunities for the creation of new habitats within urban environments are often
limited, thus the greatest ecological gains may come from increasing the strength of
existing reserve networks found within these environments (Brudvig, 2009). The longterm persistence of a metapopulation in an ecosystem network depends heavily on the
number of occupied and interacting patches (Opdam, 2008), the extent to which suitable
patches and corridors are linked, and the overall density of these elements (Cook, 2002).
Habitat enlargement in urban areas can be achieved through the creation of different
green infrastructure in close proximity to one another (Colding, 2007). Urban planners
and designers should also consider the creation of buffers around patches of natural
habitat using ecologically compatible land uses (Colding, 2007). This buffering effect is
particularly important when the adjacency results in a negative influence on a sensitive
area (Fischer et al., 2006). Buffering of habitats promotes ecological processes and may
contribute to the resilience of species confined to green infrastructure (Colding, 2007),
this approach has been adopted at much larger scales such as traditional ecological
networks (Bennett, 2004).
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How does the use of green infrastructure based ecological networks increase the
potential for biodiversity in urban environments?
The concept of green infrastructure was introduced to provide a planning entity for
urban green space systems (Sandstrom, 2002) and is comprised of all natural, seminatural, and artificial networks of multifunctional ecological systems pertaining to all
spatial scales within and around urban environments (Tzoulas, 2007). If proactively
planned, developed, and maintained green infrastructure can provide a framework for
economic growth and conservation that can guide urban development (Walmsley, 2006;
Schrijnen, 2000; van der Ryn and Cowan, 1996). It also offers an opportunity for
integrating urban development, conservation, and public health promotion (Tzoulas,
2007). Green infrastructure is commonly used in urban planning and design, however the
use of green infrastructure does not necessarily reflect the functionality of these spaces
for the maintenance of biodiversity (Sandstrom, 2006). This requires a combination of
protection and management of existing green infrastructure and the creation of a wellconnected network of green infrastructure elements.
Green infrastructure helps maintain the integrity of habitat systems and provides the
physical basis for the development of ecological networks (Tzoulas, 2007). The creation
of ecological networks has been promoted for its ability to alleviate the ecological
impacts of habitat fragmentation and for its integration of biodiversity conservation into
the concept of sustainable landscapes (Opdam et al., 2006). Urban green spaces can be
regarded as a multi-functional system addressing urban biodiversity, hydrology, urban
heat island effect, as well as recreation (Mazza and Rydin, 1997). The possible
competition between ecosystem service and recreational uses of green space in the urban
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environments can be resolved by addressing the issue of functionality of the green space
networks (Angelstam et al.,2003).
Green infrastructure elements found within cities include parks, playgrounds,
community gardens, greenways and recreational trails, street trees and parkland trees,
public plazas and landscapes, green roofs, unused abandoned land, and public and private
land used for recreation (Schilling & Logan, 2008). The known effects of the
development of green infrastructure include providing opportunities for social interaction,
reduction in crime, increased physical activity opportunity, reduced storm water runoff,
increased property value, a reduction in heat island effects, the interception of pollutants,
noise attenuation, and oxygen emission (Jim & Chen, 2003; Schilling & Logan., 2008).
As well as providing significant social and economic effects, the spatial configuration of
green infrastructure can help to support ecological and physical processes in built
environments (Ahern, 2007). Current green infrastructure design trends focus on
individual sites often ignoring design at the larger scale. These patterns of incremental,
decentralized development of green infrastructure can have a significant cumulative
effect on the improvement of urban ecology (Ahern, 2007). Yu (1996) refers to these
larger scale patterns as “security patterns”. These basic spatial patterns for biological
conservation, such as, the protection of habitat cores, buffering, the connection of habitats
with corridors, and the restoration of habitat, point to the need for a larger scale system
incorporating green infrastructure for biodiversity potential in urban environments (Yu,
1996). These security patterns also highlight the need for a source habitat, buffer zones,
and a minimum of two corridors connecting habitats for a main and alternate species
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movement route (Yu, 1996). These elements are often isolated within the urban
landscape and have little connection to one another.
Developing an ecological network of green infrastructure would have a greater
impact on the potential increase of biodiversity in urban environments instead of its
current, decentralized development pattern. In ecological networks, risks such as
population extinction are spread over the whole network increasing the flexibility and
adaptability of the network (Opdam & Steingröver, 2008). This adaptability in a network
system helps to limit pressure on any one single habitat area, making the network a more
complex spatial structure than a greenway, and making it more suitable for improving the
ecological value of urban open spaces and adjacent areas (Hersberger, 2006). Ecological
networks have become increasingly popular as an approach to ecological value
improvement of urban green infrastructure systems (Cook,1991; Cook and van Lier,
1994).
The ecological network concept is only truly appropriate in landscapes that have been
heavily dominated by human use and have a moderate to high degree of habitat loss and
fragmentation of natural ecosystems (Opdam & Steingröver, 2008). In order to create
functioning ecological networks for biodiversity potential the habitat created by them
must be of sufficient quality in terms of size, density, and connectivity (Sandstrom,
2006). The creation of ecological networks incorporating existing green infrastructure
can be thought of as a buffer zone by reducing landscape resistance, and helping to
smooth the intermedium (Yu, 1996). As well as reducing landscape resistance,
ecological networks can reduce negative patch adjacency effects including microclimate
changes, materials, chemicals, noises, vibrations, and light (Forman et al., 2002).
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Urban planners and designers need to understand that different species have different
habitat and quantitative requirements and that viable populations need more habitats than
individuals do. Therefore, the successful creation of representative habitats should be
viewed as a network of overlapping and complementary green infrastructure elements
each providing various properties to which species are adapted (Sandstrom, 2006). In
order for these urban ecological networks to achieve functionality the green infrastructure
must be of sufficient quality in terms of the number of patches, size of the patch, and
density and connectivity of patches in the network (Forman, 1995). According to
Mörtberg (2007) it isn’t as simple as having more green infrastructure within the urban
fabric, there also needs to be considerable attention paid to the relation of the various
elements of green infrastructure (Mörtberg, 2007). Likewise, in order for ecological
networks to succeed socially consideration needs to be made in regards to the scale of the
elements, ensuring they do not overwhelm the surrounding area and are viewed as part of
the overall open space framework of the city (Mann, 1991).
How can landscape metrics be used to predict a specific green infrastructures
plan/layout benefits for biodiversity?
Landscape metrics describe a landscape’s spatial structure at a set point in time
(Botequilha Leitão and Ahern, 2002). Landscape metrics provide information about the
proportion of a single landscape type within the study area, the shape of the component
landscape elements, and the contents of a mosaic (Botequilha Leitão and Ahern, 2002).
Landscape metrics have been widely used in scientific research, but have yet to be
integrated into the design and planning process, possibly due to the large number of
metrics and the confusion surrounding which metrics to use (Botequilha Leitão and
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Ahern, 2002). Results from Cushman (2008) indicate that major attributes of landscape
structure can be universally described consistently using combinations of landscape
metrics. Previous studies (McGarigal and McComb, 1995; Schindler et al., 2008) have
suggested that ecological patterns can be characterized by using a relatively low number
of independent metrics, such as the nine metrics recommended by Botequilho Leitão and
Ahern. However, these studies have often used different metrics, which according to
Cushman (2008) suggests limited universal aspects of landscape structure and that
structure patterns are unique to specific landscapes. According to Cushman (2008) this
lack of universal landscape components is more likely due to the use of differing metrics
and methods for identifying components (Cushman, 2008).
There are few studies explicitly addressing how ecosystem function is affected by
urban patterns (Grimm et al. 2000; Picket et al. 2001; Alberti et al. 2003). According to
McGarigal (1998), there is a close relationship between landscape structure and biotic
abundance and diversity (McGarigal, 1998). This notion that landscape pattern
influences ecological process and characteristics is a key component of landscape
ecology, which focuses on the distribution patterns of landscape elements (Forman and
Godron, 1986) and changes in the landscape over time.
There are two basic components to landscape structure: composition and
configuration. Composition describes the variety, evenness, dominance, proportion, and
abundance of patch types within a landscape (McGarigal and Marks, 1995; Botequilha
Leitão and Ahern, 2002), but does not measure or reflect the geometry of a patch or its
geographic location (Botequilha Leitão and Ahern, 2002). Examples of composition
metrics include area, patch number, patch size, and patch richness (Botequilha Leitão and
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Ahern, 2002). Configuration is the spatial arrangement, character, orientation, or position
of patches within the landscape or class (McGarigal and Marks, 1995) and includes
characteristics associated with patch geometry such as the amount and type of edges and
edge contrast (Botequilha Leitão and Ahern, 2002). Examples of configuration metrics
include edge contrast, ratio of perimeter to area, and radius of gyration (Botequilha
Leitão and Ahern, 2002).
According to Cushman (2008),in the past two decades there has been a dramatic
increase of available metrics for measuring landscape structure (McGarigal and Marks,
1995; Gustafson, 1998; McGarigal et al., 2002; Cushman, 2008). And while these
metrics have provided information about landscape structure, they have also created a
potential source of confusion, by providing little information for assessing what
components of landscape structure are relevant and which metrics best represent these
components (Cushman, 2008).
First, it is critical to understand the applications and limitations of each metric in
relationship to its use for analyzing biodiversity potential of green infrastructure elements
located within the urban environment. The difficulty is in using the minimal number of
independent metrics, which will sufficiently quantify landscape structure, and selecting
which metrics will best serve this function. Further confusing the issue of metric
selection is that there is rarely a linear relationship between metric values and landscape
structure (McGarigal, 2002). In addition, many landscape metrics measure multiple
aspects of structure (McGarigal and Marks, 1995; Gustafson, 1998) confounding
landscape composition and configuration (Cushman, 2008). Furthermore, some
landscape metrics (e.g., mean patch size and patch density) represent the same basic
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information, while others measure associated aspects of landscape structure (Cushman,
2008). Botequilha Leitão and Ahern (2002) proposed a core set of 9 landscape metrics
that describe landscape structure and key associated spatial processes, breaking these
metrics into two categories: landscape composition and landscape configuration (Table
2.2)(Botequilha Leitão and Ahern, 2002).
Cushman used FRAGSTATS and principal components analysis to identify
independent components of landscape structure and then grouped the components using a
cluster analysis (Cushman, 2008). By identifying independent components of landscape
structure and using a cluster analysis to group components Cushman (2008) identified
seven universal landscape structure components (Table 2.2)(Cushman, 2008).
In comparison, Schindler identified 5 major components based on the measurement of
landscape processes relating specifically to biodiversity (Table 2.2)(Schindler, 2008).
These components are (i) patch size and patch density,(ii) shape, edge and contrast, (iii)
isolation, proximity and connectedness, (iv) texture, and (v) diversity of habitats
(Schindler, 2008). At the landscape level none of the metrics used by Schindler were
found to be redundant (Schindler, 2008).
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Table 2.2 - Breakdown of landscape metric use in relation to
biodiversity by study and group.

How have representative species been identified/selected (keystone, target,
indicator), and what ways were used to select the representative species?
A landscapes potential for providing biodiversity depends largely on its spatial
configuration and composition (Opdam, Verboom, and Pouwels 2003). In order to
escape the vagueness associated with biodiversity it is necessary to identify specific
indicators and attributes that can be used for environmental inventory and assessment
(Noss, 1990). These indicators provide a broadly applicable system for the assessment of
an area to provide necessary elements for the strengthening of biodiversity. Due to the
difficulty of monitoring and managing the various aspects of biodiversity a variety of
shortcuts have been developed that focus attention on a single species or a group of
species. The most common of these approaches is the use of the indicator species.
Indicator species are use for two reasons as stated by Simberloff (1998), “first because
their presence and fluctuations are believed to reflect those of other species in the
community, and second because they are believed to reflect chemical and/or physical
changes in the environment” (Simberloff, 1998). However, even if all we need an
indicator species to indicate is the presence of a certain group of species or the population
trends of that group it is still not obvious which is the best species for this purpose
(Simberloff, 1998). As measurable surrogates for environmental elements such as
biodiveristy, indicators should be broadly distributed and widely applicable, independent
of sample size, cost effective to measure, and capable of providing early warning of
change (Noss, 1990). Since, one indicator will rarely possess all the desirable properties
the use of complimentary indicators is required (Noss, 1990).
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According to Simberloff, (1998) the management of a single-species such as a
flagship, umbrella, or indicator species can lead to conflicts with the management of
another species (Simberloff, 1998). As well, Hess (2006) suggests that the use of
indicator species as a conservation tool to indentify hotspots for biodiversity is only
viable if the spatial patterns of species richness coincide with other species. In addition,
the utility of the indicator species as a conservation shortcut is limited because the
relationships of species to spatial patterns are too context specific to be reliable (Hess,
2006). In the study performed by Hess (2006) the ability of the richness of a given
species to indicate total species richness varied widely with the grain, extent, and region
of analysis (Hess, 2006). However, according to the National Commission on Science
for Sustainable Forestry (NCSSF) the issue regarding the effective use of indicators is not
the lack of good indicators but the lack of a clear process for their selection (NCSSF,
2005). The three major challenges in the use of ecological indicators according to a study
by Dale and Beveler (2001) was the failure to fully understand the ecological complexity,
lack of a defined process for their selection, and the selection of indicators without a clear
objective to their use (Dale & Beveler, 2001). The improper selection of an indicator can
in some instances result in arbitrary decision making and an unscientific conclusion.
When used correctly, however, indicators can be a powerful tool for the simplification,
understanding, and management of a complex system, such as, natural ecosystems.
Discussion
This literature review has synthesized research carried out in a number of disciplines,
focusing on individual pieces of knowledge such as biodiversity, green infrastructure,
ecological networks, and landscape metrics.
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Green infrastructures’ ability to support ecosystem services in the urban environment
is by no means limited to biodiversity. The multifunctionality of green infrastructure also
promotes the strengthening of additional ecosystem services, such as, the reduction in
levels of air and water pollution, and a reduced urban heat island effect. The connection
of biodiversity and other ecosystem services to economics related to development in the
urban environment is evident in the costs related to monocultural planting techniques.
The use of monocultured urban street plantings have been shown to have serious
problems when that species is infected with disease or pests such as the infestation of
Emerald Ash Borer (EAB) that was first noticed in North America in Detroit, Michigan
and Windsor, Ontario in 2002 (Poland and McCullough, 2006). It is estimated that by
2006, up to 15 million ash trees located in urban, suburban, and forested areas had been
killed by the EAB (Poland and McCullough, 2006). The economic fallout due to the
destruction caused by infestations of insects and other pests has pushed for the
introduction of biologically diverse areas that are capable of withstanding the
introduction of invasive species.
An identified gap in the research, however, is the connection between biodiversity
and the spatial planning and design associated with urban areas. According to Rockwood
(1995), in order to provide for the biodiversity conservation, plans should be spatially
precise and specific areas should be defined, instead of only providing a written policy
statement (Rockwood, 1995). In developing a biodiversity plan the first step must be the
clear definition of what resources the plan will seek to protect. This should include
distinctive and unique habitats, representative habitats, and habitats which support high
levels of genetic or species diversity (Rockwood, 1995). Some of these infrastructure
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features have had mixed success in relation to their use for increasing biodiversity. There
are few empirical studies showing the successful use of ecological corridors as conduits
for wildlife (e.g. Haddad and Tewsbury, 2005), and the functionality of corridors in
ecological networks remains a point of contention (Noss, 1993; Hobbs, 1992; Beier and
Noss, 1998; Simberloff et al., 1995). However, the lack of alternative strategies for
mitigating the ecological impacts of fragmentation in urban environments has resulted in
ecological networks and corridors becoming popular elements for urban planning
(Jongman and Pungetti, 2004; Tzoulas, 2007).
Research has shown little evidence of the use of urban greenways for species
dispersal in either plants or invertebrates; instead these groups use greenways as a chain
of differing habitats across the urban environment (Angold et al, 2006). For invertebrates
especially, the most significant factor affecting biodiversity in urban environments
appears to be habitat quality and not connectivity, and furthermore the greenways
function as a chain of differing types and qualities of habitat rather than one continuous
linear habitat (Angold et al, 2006). Data from the study conducted by Angold suggest
that wildlife corridors may not be functioning as conduits for the movement of genetic
diversity with any more effectiveness than the rest of the urban landscape (Angold et al,
2006). The study showed that spatial location of a patch in the landscape was of
relatively minor significance for invertebrate diversity in urban habitats (Angold et al,
2006).
To summarize the main findings from this literature review and to promote further
research in this area, a conceptual framework linking green infrastructure and species
specific biodiversity strengthening was developed (Fig. 3.1). The conceptual framework
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describes the necessary steps in developing a green infrastructure scenario that promotes
the increase of urban biodiversity based on specific target species. The assessment
method described in the conceptual framework provides the necessary steps to achieve
this site-specific determination of an individual areas ability to increase urban
biodiversity.
Literature review conclusion
For a landscape to be considered ecologically sustainable it must meet two conditions
related to species diversity, the first is that the spatial pattern of the landscape must
support the ecological processes required for resilient populations, the second is that
development in the spatial pattern doesn’t push populations persistence to an
unacceptable level. These two requirements for ecological sustainability are closely
related to biodiversity in the urban environment. Even though the protection of large
areas of connected habitat would satisfy many species habitat requirements this is often
not practical within urban environments. It is the connection of various small habitat
patches within the urban environment that will have the largest overall contribution to the
increase of urban biodiversity. Within urban environments these remaining areas that can
function as habitat should be preserved and where possible areas for habitat restoration
should be identified.
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CHAPTER 3
A METHOD FOR ASSESSING GREEN INFRASTRUCTURE’S ABILITY TO
INCREASE URBAN BIODIVERSITY
The following method for assessing green infrastructure for its ability to increase
urban biodiversity is presented beginning with the development of specific goals and then
moving to the selection of species and metrics to assess the study areas’ ability to meet
these goals with existing and proposed scenarios. The description of the steps involved
in the assessment process have been outlined to provide clarity and to illustrate the entire
process. The primary focus of this methodology is on the process used for the assessment
including: the designation of specific goals for biodiversity, selection of target species,
development of scenarios, and the assessment of these scenarios.
Overview of Method
An extensive literature review on the subject of the associations between biodiversity,
green infrastructure, fragmentation, and target species was conducted. The literature
review resulted in the determination that in order to measure biodiversity, target or
representative species would be necessary to provide measurable habitat requirements of
composition and configuration.
Using the keywords green infrastructure, biodiversity, fragmentation, and target
species, relevant journal articles and books were identified. These were critically
evaluated to identify the connections between green infrastructure, biodiversity,
fragmentation, and target species. The relationships between these elements were
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difficult to establish and therefore the review focused on association rather than on
causation. The association of the elements through common factors is easily constructed.
The literature review provided a number of themes used to create connections
between green infrastructure, biodiversity, fragmentation, and target species. These
themes were used as the basis of the conceptual framework and were further connected
through the incorporation of spatial analysis and landscape composition and
configuration. The conceptual framework also helps to link the fields of landscape
architecture and landscape ecology by integrating ecological assessment into urban
planning and design applications.
The following diagram (Fig. 3.1) illustrates the green assessment method process.
Steps denoted with an asterisk require a user-based decision. The adjustment of these
steps allows the user to redefine the goals and other specific assessment elements and
helps foster the development of alternative scenarios. Additionally, adjustment of the
study areas and scenarios provide an alternative basis for assessment.
The methods used for this study resulted in a conceptual framework for the
assessment of green infrastructure’s ability to increase urban biodiversity based on
configuration and composition of green infrastructure in relation to the habitat
requirements of the target species (Fig. 3.1). The proposed method addresses the need to
reduce fragmentation of habitat patches to achieve the goal of establishing successful
ecological networks capable of supporting specific species of wildlife, assumed to
represent a broader guild of urban wildlife species.
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Figure 3.1 – Conceptual framework for the assessment of the ability of green
infrastructure to increase urban biodiversity.
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Conceptual method
The first step is the development of biodiversity goals (Fig. 3.1, Box 1). This is a
crucial part of the assessment method. The determination of the biodiversity goals will
help in the selection of the target species used for the assessment of the green
infrastructure and for the post-development monitoring. The determination of
biodiversity goals should take into consideration the study areas and the context in which
these study areas are located. The development of biodiversity goals should be based on
a realistic expectation for the increase of urban biodiversity and in many cases will not
include extremely rare species with specialist habitat, although the assessment of these
habitats is also possible. The limited use of extreme specialist and rare species is due to
their limited abundance and specialty habitat requirements. If the green infrastructure is
developed, but has little effect on the species due to its relative rarity or specialist habitat
requirements, it may confound the assessment and will require additional studies.

1.
2.
3.
4.

Basis for Determination of Biodiversity Goals
Consideration given to context
Consideration given to study area
Realistic expectation of increasing biodiversity
Not using extremely rare species
Table 3.1 – Basis for determination of biodiversity goals

The selection of target species (Fig. 3.1, Box 2) provides measurable habitat
requirements of composition and configuration that can be used objectively in
biodiversity monitoring and assessment (Hess, 2006). Without specific target species, the
selection of spatial requirements for the assessment is ecologically arbitrary and lacks a
true connection to specific habitat requirements. The selection of target species is based
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on their ability to support the assessment of habitat quality, under existing and alternative
future configurations. In many instances, there is insufficient species data to determine
the scale in which the selected target species perceive and respond to specific habitat
patterns. This lack of species perception data can cause problems with an assessment of
habitat requirements for specific target species. However, some of these issues are
addressed by using habitat association. In this study, the determination of the ability of
green infrastructure to increase urban biodiversity was based on a comparison of existing
conditions with those of the proposed green infrastructure implementation, composite,
and revised composite scenarios and the adaptive green infrastructure plan.

1.
2.
3.
4.

Target Species Selection Criteria
Species is not extremely rare
Date availability or knowledge of species habitat requirements
Study area located within species natural distribution range
Habitat requirements can be met within study area
Are patches large enough to support individual, sub-population, or
A.
populations of target species?
B. Are patches larger than species home range?
Are potential habitats present in the study area to meet the needs of the target
C.
species?
Table 3.2 - Target species selection criteria
Landscape metrics are selected (Fig. 3.1, Box 3) based on their relation to

measurements of biodiversity and habitat requirements of the selected target species. The
selection of landscape metrics should be based on their ability to measure patterns of
habitat configuration and composition to determine its relationship to increasing urban
biodiversity for the specified target species. Landscape metrics are a standard of
mathematical measurement that relates to either the configuration or composition of
landscape elements. The ability to universally describe attributes of landscape structure
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aids in the understanding of interactions between ecological process and spatial pattern
(Wu and Qi, 2000). Avian and certain arthropod species are more mobile, will react
differently to fragmentation, and will have different habitat requirements than other urban
species. These habitat requirements include connectivity of habitat areas, edge contrast,
minimum patch size, and other specific requirements based on the target species selected.
The landscape metric selection process for this study consisted of seven steps (Fig.
3.4). The first step in the selection process was discounting any metrics that were
inherently redundant. For instance, CAP (Class area proportion) and PLAND
(Percentage of the Landscape) are both measures of the percentage of the landscape
comprised of a specific land cover type. The second step was the determination of a
metrics association with increasing biodiversity. For example, metrics related to
connectivity were included because increased connectivity has been linked to the
increased species richness and overall biodiversity (Brudvig, 2009). The third step
narrows the list of metrics to those related to characteristics of known habitat use and
preference based on the individual target species, such as the preference of species for
habitat in proximity to water bodies. The selection process then characterizes the
landscape metrics based on their taxonomy. First, the landscape metrics are selected
based on their measurement of composition and configuration. Next, the metrics are
categorized into loose categories such as those listed within FRAGSTATS:
Area/density/edge/perimeter, Shape, Core area, Isolation/proximity,
Contagion/interspersion, Connectivity, and Diversity. Area/density/edge/perimeter
metrics are related to the measurement of the configuration and composition that
represent the fundamental attributes of a patch. Shape metrics are related to the
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measurement of the geometric complexity of patches. Since shape attributes are
extremely difficult to define with a metric they are often indexed for overall complexity
often using a perimeter-to-edge ratio rather than assigning a value to each uniquely
shaped patch. The Core area metrics represent the interior area of a patch after the userdefined buffer area is removed. Core are metrics are used for the measurement of the
core area that is unaffected by the edge. Isolation/proximity metrics measure the relative
isolation of patches of the same or a similar land cover class. Isolation/proximity metrics
are based on either the size and proximity of neighboring patches within a local
neighborhood around each patch or within a user-specified neighborhood size based on
the ecological process being evaluated. Contagion/interspersion metrics are those that
measure the spatial aggregation of patches. Contagion metrics measure the extent that
cells of a similar land cover class are aggregated or clumped within the landscape.
Interspersion metrics measure the intermixing of different land cover type patches within
the landscape. The next category, Connectivity metrics measure the functional
connections between patches. These functional connections depend largely on the
process being evaluated. Connections can be based strictly on the adjancency of patches,
or on a user-defined threshold distance that may or may not consider the resistance of the
land cover classes being crossed. The final category Diversity metrics are used to
describe the compositional makeup of the landscape under investigation and are entirely
non-spatial. The Diversity metrics deal with the number and area of land cover classes at
the landscape level. It should be noted that these categories are just a means of grouping
the metrics and should not be considered the only categories available.
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The next step is the selection of metrics based on their hierarchical level of
measurement. The metrics fall into three levels: patch, class, and landscape and in some
instances may be used in more than one level of measurement. Patch level metrics
characterize the spatial character and context of patches and are often the basis for
landscape level metrics. The patch level metrics measure the patch attributes across all
patches within a specific land cover class. Class level metrics are measured for all the
patches within a given landscape cover class and are often averaged to reflect the greater
contribution of large patches to the overall index. Unlike patch level metrics those at the
class level do not provide a measurement of the individual patches, they instead represent
the entire land cover class and are primarily used when the amount and distribution of a
particular land cover class is the focus. Similar to class level metrics, those at the
landscape level measure patch types or classes over the entire landscape. However,
landscape level metrics reflect the properties of the entire patch mosaic and not an
individual land cover class. Landscape level metrics can be used for measuring the
composition and configuration of the entire landscape mosaic.
The final step in the selection of the landscape metrics for the study was the
categorizing of metrics into structural and functional metrics. Structural metrics refer to
those that don’t require additional use defined variables for analysis. Functional metrics
require the user to define specific variables the are to be measured, such as the threshold
distance for measuring connectivity (CONNECT), or weights related to edge contrast
(ECON). Once the metrics have been selected and their taxonomy determined they can
be used for the habitat assessment of the study areas.
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Fig. 3.2 – Landscape metric selection flow diagram

A habitat association assessment of existing neighborhood planning district
conditions (Fig. 3.1, Box 4) is required to provide the base from which the proposed
scenarios will be evaluated. The habitat assessment uses the spatial analysis program
FRAGSTATS.

Fig. 3.3 - FRAGSTATS main program window
FRAGSTATS quantifies landscape structure (configuration & composition) and
produces a data set of landscape structure information that can then be joined to the initial
GIS data for purposes of visualization. The habitat association assessment results in the
output of a choropleth map, highlighting areas of high statistical values depending on the
metric being shown. This assessment can be used to highlight areas in which green
infrastructure implementation will have a higher potential for increasing urban
biodiversity. These highlighted areas will often be areas that have high levels of
connectedness, large patch sizes, low edge contrast, and a high patch density. In order to
run the habitat assessment the user will first have to determine land-cover data that is
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compatible with the target species habitat requirements and create a raster base file in
ArcGIS to be taken into FRAGSTATS for the analysis. It will be necessary to run an
individual assessment for each target species assuming that the target species have
different habitat requirements. The FRAGSTATS analysis will be run on each individual
assessment file to create the base that will be used for the later assessment of the
scenarios for their ability to increase urban biodiversity based on habitat association with
the landscape metrics being used. Without the spatial analysis of the existing green
infrastructure it would be impossible to determine if there would be an increase in
biodiversity potential.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

User defined criteria for assessment
Input data
Study area boundary
Biodiversity goals
Target species selection
Landscape metric selection
Land use compatible with species habitat
Dispersal thresholds
Land use based edge contrast weights
Gap crossing ability of species
Habitat thresholds
Neighbor rule
Table 3.3 - User defined criteria for assessment

The next step is the development of a comprehensive list of potential green
infrastructure elements (Fig. 3.1, Box 5). Green infrastructure features that should be
included in the list are those that are compatible with habitat requirements of the target
species and also with the study area in which they are being implemented. These
individual green infrastructure features will provide the requirements needed for an
assessment of the study area for the implementation of green infrastructure.
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1.
2.

Critieria for selection of potential green infrastructure
Spatial requirements can be met in study area
Realistic expectation of implementation
Table 3.4 - Criteria for selection of potential green infrastructure

The assessment of the study area for the implementation of individual green
infrastructure features (Fig. 3.1, Box 6) is based on existing conditions within the study
area. The assessment uses existing GIS data to highlight areas suitable for the
implementation of green infrastructure. This assessment for green infrastructure
implementation areas provides the user with spatial information based on weighted
requirements such as sidewalk and roadway width, landuse category, and existing street
tree locations (Table 3.5).

1.

2.
3.

4.
5.

6.

Assigned weight based on tree location (vertical structure
implementation)
Road width
a. Major roadway
b. Medium road
c. Narrow road
Intersection of roads
Sidewalk width
a. Wide sidewalk >10’
b. Narrow sidewalk <10’
Vacant land
Land use category
a. Medium-density residential
b. High-density residential
c. Commercial
d. Industrial
e. Participation recreation
f. Spectator recreation
g. Institutional/urban open
h. Forest
i. Water
Existing street tree

Points

Table 3.5 – Assessment for green infrastructure implementation

51

-

The combination of the green infrastructure implementation assessment with the
assessment of the study area for the potential increase of urban biodiversity (Fig. 3.1, Box
7) highlights areas where green infrastructure is most suitable for implementation, and
where it would have the greatest impact for increasing urban biodiversity. The
assessment of potential areas for green infrastructure implementation combined with the
assessment of existing habitat areas creates the base from which future scenarios will be
evaluated for their ability to strengthen biodiversity. The use of the existing conditions
analysis as a base is critical. Without this base there is no way to determine the proposed
scenarios potential to increase urban biodiversity.
Using the combined assessment described in Box 7 the user can design green
infrastructure implementation scenarios (Fig. 3.1, Box 8). Possible design scenarios
include those based on population change, such as, a decrease in population resulting in
abandoned land that can potentially be converted to green infrastructure. In the case of
this study, the scenarios were developed based on habitat requirements of the individual
target species. For the development of the scenarios the existing neighborhood layout of
buildings and roadways were held constant. The manipulation of the composition and
configuration of open space was used to increase vegetation related to the habitat of the
individual species.
Once designed, the green infrastructure implementation scenarios are assessed (Fig.
3.1, Box 9) using the landscape metrics previously used for the spatial analysis of the
existing conditions within the neighborhood planning district. It is necessary that the
proposed scenarios be assessed using the same landscape metrics for evaluation purposes
otherwise the outcome is inaccurate.
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Following the assessment, an evaluation is conducted of the proposed scenarios for
their potential for increasing urban biodiversity by comparing the data from the existing
conditions to that of the proposed scenarios (Fig. 3.1, Box 10). The design scenarios can
then be ranked by the relative strengths and benefits of each scenario. This assessment
and ranking provides a way of determining the most effective use of green infrastructure
within the study area for promoting biodiversity potential. Using multiple scenarios will
increase the available data on the relationship between green infrastructure and habitat
related to biodiversity and provide necessary information about the potential of green
infrastructure to increase urban biodiversity.
Using the assessment of the initial design scenarios the user can then design a
composite green infrastructure scenario incorporating elements that were evaluated and
shown to increase the potential for urban biodiversity (Fig. 3.1, Box 11). This composite
scenario relies on the comparison analysis and assessment of the proposed
implementation scenarios with that of the existing green infrastructure to provide insight
into elements that will have the greatest benefit for increasing urban biodiversity.
The spatial assessment of the composite design scenario (Fig. 3.1, Box 12)
incorporates the same methods as with the previous assessments allowing for the
comparison of their ability to increase urban biodiversity.
Using the assessment of the initial design scenarios and the composite design scenario
the user can then design a revised composite green infrastructure scenario incorporating
elements that were evaluated and shown to increase the potential for urban biodiversity
(Fig. 3.1, Box 13). The revised composite scenario relies on the comparison analysis and
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assessment of the composite scenario and the initial implementation scenarios with that
of the existing habitat and green infrastructure implementation areas to provide insight
into elements that will have the greatest benefit for increasing urban biodiversity.
The spatial assessment of the revised composite design scenario (Fig. 3.1, Box 14)
incorporates the same methods as with the previous assessments allowing for the
comparison of their ability to increase urban biodiversity. The comparison of the revised
composite scenario with the previously designed scenarios contributes to the
understanding of the impact of the development of green infrastructure within the study
areas. The revised composite scenario allows for the design of habitat patches to reduce
isolation noticeable in the previous scenarios and should aim to address areas with
limited habitat quality.
Using the assessment of all previous design scenarios an adaptive green infrastructure
implementation plan is developed (Fig. 3.1, Box 15). The adaptive planning process
works with the dynamic nature of urban environments allowing for adjustments to the
design or future actions based on monitoring of the target species. The use of an adaptive
versus final design plan allows for the integration of additional elements into the design
based on monitoring and the determination of the increase of the biodiversity within the
study areas.
The monitoring and adjustment of the adaptive green infrastructure implementation
plan (Fig. 3.1, Box 16) provides information regarding the effectiveness of the use of
green infrastructure for increasing urban biodiversity. The monitoring and adjustment
should take place both during and after the construction of the green infrastructure to
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better understand the interaction of the species with the individual green infrastructure
features. The monitoring should help to highlight the scenarios ability to increase urban
biodiversity in the study area, however, the lag between the development of the green
infrastructure and the use of the infrastructure for habitat by the target species should be
taken into consideration. The monitoring of the target species should help to determine
the lag time required for the individual green infrastructure elements and in fact this
should be another element of the design that can be examined.
If the monitoring and adjustment of the adaptive green infrastructure implementation
plan results in a failure to meet the initial biodiversity goals of the study, then the
reevaluation of the biodiversity goals are necessary (Fig. 3.1, Box 17). The reevaluation
requires examining the current state of the adaptive plan, and addressing those areas of
the biodiversity goals that are unable to be met. The development of new biodiversity
goals may require the selection of new target species and the reevaluation of the adaptive
green infrastructure plan based on the new spatial requirements and the possible
adaptation of the plan to meet these requirements. In some cases, this will result in the
need to design and develop additional green infrastructure implementation scenarios.
These additional scenarios will also require an assessment using new target species and a
reevaluation of the landscape metrics used for the spatial analysis.
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CHAPTER 4
APPLICATION
Selection of study areas
Several factors influenced the selection of study areas within the city of Boston. The
first being available spatial data for the candidate study areas including land use, roads,
buildings, and land cover class data. Due to the size of the districts, the availability of
demographic information, and the scale at which planning occurs, the Boston
Redevelopment Authority’s neighborhood planning districts provided a logical study
boundary.
The second selection criteria for the study area was that the neighborhood planning
district contained between 10% and 40% open space (defined by MassGIS (2010) as any
protected and recreational open space). By selecting neighborhood planning districts
with a minimum 10% open space, it is expected that the habitat requirements for the
species could potentially be met within the study areas. The maximum percentage of
open space was set at 40% to match the average open space percentage within the city of
Boston. Although there are neighborhood planning districts that contain above 40% open
space, the overall percentage of open space for the city of Boston is 20.7% (Boston
Redevelopment Authority, 2006).
The third requirement for the selection of the study areas was the availability of
population change data. The study areas selected represent neighborhood planning
districts that saw both an increase in population in the case of Fenway (+8.3%)(Figs. 4.1
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& 4.2), and a decrease in population for the neighborhood district of Mission Hill (6.8%)(Figs. 4.1 & 4.2) between the years of 1990 and 2000 (Boston Redevelopment
Authority, 2006).

Fenway
Mission Hill

Figure 4.1 - Selected neighborhood planning districts within Boston
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Figure 4.2 – Neighborhood planning district aerial photos

Determination of Biodiversity Goals
The study’s biodiversity goals were based on conversations with faculty members,
Paige Warren, in the Natural Resources and Conservation department and Jeff Boettner,
in the Plant, Soil, & Insect Sciences department at the University of Massachusetts. The
biodiversity goals took into consideration the context in which the study is taking place
and the study areas themselves. The biodiversity goals for this study were an increase of
urban biodiversity for two avian guilds, predatory and seed eating bird species, and a
third nectar-feeding Lepidoptera species. The biodiversity goals were based on highly
mobile target species that can negotiate the urban environment in which the three study
areas are located.
Biodiversity goals for study
1. Increase the abundance of Red-tailed Hawk
2. Increase the abundance of Song Sparrow
3. Increase the abundance of Variegated Fritillary

Target species selection
Three target species were selected for this study to apply the assessment methods:
Red-tailed Hawk (Buteo jamaicensis), Song Sparrow (Melospiza melodia), and
Variegated Fritillary (Euptoieta claudia). The species all have the following
characteristics. First, the habitat needs of the individual species should differ to
maximize the impact on total biodiversity since additional species should benefit from the
actions taken to support the target species. Next, species should have available behavior
and natural history information to determine the habitat requirements. The study area
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should be within the natural distribution range of the species. Additionally, the species
should be present in relative proximity to the study area. The habitat requirements of the
species are within the proportional ranges to experience fragmentation effects in an urban
setting. Finally, the species should not be extremely rare, as this may confound the
monitoring of the species and the overall process of the study.
Red-Tailed Hawk (Buteo jamaicensis)

Figure 4.3 - Red-tailed Hawk (picture from
http://mri.usd.edu/watertrail/FieldGuide/images/Birds/Red Tailed Hawk lg.jpg)
The Red-tailed Hawk (Fig. 4.3) is a predatory avian species distributed throughout
Massachusetts as well as most of New England and is the most tolerant of human
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disturbance of the Buteo species (DeGraaf & Rudis, 2001). Until recently, the Red-tailed
Hawk had suffered long-term decline due the clearing of land for agriculture during much
of the 19th and early 20th centuries (DeGraaf & Rudis, 2001). Red-tailed Hawks select
large trees over 36ft for nesting and can utilize woodlots as small as 15 acres (6.1ha),
although they will occasionally utilize individual trees in close proximity to woods
(DeGraaf & Rudis, 2001). Red-tailed Hawks inhabit a wide variety of primarily open
habitats including urban parks, open lots, and mixed deciduous and coniferous forest but
prefer a matrix of field, open pasture, meadows, or swampy areas intermixed with woods
(DeGraaf & Rudis, 2001). According to Sergio (2005), birds of prey have the potential to
act as indicators of biodiversity within an area due to their use of small to medium size
mammals as well as small birds and amphibians for food. Special habitat requirements
for the Red-tailed Hawk include large trees for nesting and perching, since they conduct
much of their hunting from perches.
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Song Sparrow (Melospiza melodia)

Figure 4.4 - Song Sparrow (picture from
http://www.naba.org/chapters/nabast/VariegatedFrit.html)
The Song Sparrow (Fig. 4.4) is a small avian species common to most of the northern
United States including Massachusetts and New England. The Song Sparrow is
particularly common in shrubby areas near water and can be found in forest edges along
most waterways but also along roadsides and in residential areas (DeGraaf & Rudis,
2001). Home range sizes for the Song Sparrow are from .5 - 1.5 acres (.2 - .6 ha) but
ranges will increase for overwintering birds to areas 6 – 10 times as large. The Song
Sparrow feeds on insects, fruit, and seeds from weedy plants especially those found in
moist brushy areas. The Song Sparrow prefers moist lowland areas with low, irregular
shrubby plant growth and abundant sunlight. Nesting for the Song Sparrow occurs
mainly on the ground in grasses or weeds although they may occur in shrubs and are
often concealed by bushes or debris (DeGraaf & Rudis, 2001). The Song Sparrow’s
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abundance and utilization of a wide variety of habitats support its selection as a target
species.
Variegated Fritillary (Euptoieta claudia)

Figure 4.5 - Variegated Fritillary (picture from
http://www.naba.org/chapters/nabast/VariegatedFrit.html
The Variegated Fritillary (Fig. 4.5) is a butterfly species in the subfamily
Heliconiinae with a distribution across the United States from southern California to
Florida, and in southern New England especially in the states of Massachusetts and
Connecticut (Mass Audubon, 2009). Though widespread in the United States, they are
uncommon in Massachusetts but can become locally abundant. The Variegated Fritillary
habitat includes open fields, meadows, grasslands, waste areas and other disturbed areas.
Food sources for the Variegated Fritillary include a multitude of plants such as
Goldenrods, Asters, Violets, and Pansies (Mass Audubon, 2009). Mass Audubon
considers the Variegated Fritillary a good indicator of ecosystem health due to its large
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size and high requirement for nectar (Mass Audubon, 2009). It is thought that the
Variegated Fritillary does not overwinter in New England and instead flies north from the
Southeastern United States in spring, reaching Massachusetts in summer (Mass Audubon,
2009). The required range size for the Variegated Fritillary is less than 1 acre (.4 ha), but
may vary based on the abundance of available flowering plants for a food source.
Identification of Habitat Preferences
The primary source for information regarding wildlife habitat preferences for the
Red-tailed hawk and the Song Sparrow was “New England Wildlife” by DeGraaf and
Rudis (2001) and the publication “Conservation for Land Use Planners” by the
Environmental Law Institute (2003). The primary sources for information regarding the
habitat preferences of the Variegated Fritillary were the “Connecticut Butterfly Atlas
Project” by the Department of Ecology & Evolutionary Biology at the University of
Connecticut (2009) and the “Massachusetts Butterfly Atlas” by the Massachusetts
Audubon Society (2009).
The methods used in the determination of the individual scenarios and the selection of
the metrics are based on the concept of habitat association for selected target species in
order to determine the potential of green infrastructure to increase urban biodiversity.
Habitat association links species with the presence of particular habitat size and types.
For instance, according to DeGraaf (2001), the Red-tailed hawk inhabits a wide variety of
primarily open habitats including urban parks, scattered trees, pastures, and mixed
deciduous and coniferous forest. Therefore, we associate the Red-tailed Hawk with these
types of habitat and in planning for these types of habitats, we can plan for potential Red-
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tailed Hawk habitat. Habitat association is a commonly used concept in ecology and has
potential for use in the practice of planning (Williamson, 1981). The use of habitat
association provides an opportunity for collaboration between landscape architecture,
regional planning, and landscape ecology with the inclusion of ecological data in design
and planning models, thus allowing for the assessment of the landscapes based on target
species habitat.
Landscape metric selection
Landscape metrics are classified according to level of heterogeneity (the level at
which they are measuring dissimilarity in the landscape), and aspect of pattern (the
landscape structure phenomenon they are measuring). Chosen metrics represent one or
more of the three classes of heterogeneity: patch (P), class (C), and landscape (L). Patch
level metrics measure specific information regarding the composition or configuration of
individual patches in the landscape and give a value for each patch. For example, patch
level metrics addressing the distance between patches such as Euclidian nearest neighbor
distance (ENN) give a value for distance between an individual patch and the nearest
patch of the same class. At the class and landscape levels, metrics quantify either
landscape composition (the physical make-up of the landscape) or landscape
configuration (the spatial arrangement of elements within the landscape). Both landscape
composition (the physical makeup of the landscape) and configuration (the spatial
arrangement of patches in the landscape) affect ecological processes independent of one
another and in combination. Therefore, it is important to understand for each metric what
aspect of pattern they are quantifying. Likewise, it is important to understand how
metrics can be used individually and in combination with each other. For example,
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PLAND, which measures the percentage of landscape in a particular land cover class
works well in combination with NP, the number of patches in a land cover class. When
used separately both of these metrics provide useful information regarding the structural
composition of the landscape but when used in combination they provide significantly
more information. For instance, if the PLAND value is high for a land cover class and
the NP value is also high the landscape is comprised of many patches of that land cover
type, if the PLAND value remains the same and the NP value increases then that land
cover class is becoming increasingly fragmented.
The selection of landscape metrics was based on their ability to quantify the spatial
configuration and composition of a particular habitat (patch type) as described above.
The selection of metrics was based on their previous use in studies such as those by
Leitão and Ahern (2006), Cushman (2008), and Schindler (2008), as well as the
additional selection criteria of non-redundancy and the relation to target species/habitat
interaction as stated in the Methodology section (Table 3.4)(Leitão & Ahern, 2006;
Cushman, 2008; Schindler, 2008). The landscape metrics listed below (Table 4.1) were
selected to best quantify the habitat determined to be necessary for the support of the
existing population and the potential increase of habitat for the selected target species.
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Selected Landscape Metrics (5 groups, 14 metrics)
I.

II.

Patch size and patch density
Patch Area (AREA) (P) (LandComp)

Size of discrete patches. Larger
patches have been shown to
support higher levels of diversity

Number of patches (NP) (C) (LandComp)

Number of patches per area

Percentage of landscape (PLAND) (C) (LandComp)

Proportion of the landscape
comprised of a particular patch
type.

Shape, edge, and contrast
Edge density (ED) (C) (LandConfig)

Total length of edge per unit area.

Shape index (SHAPE) (P) (LandConfig)

Contiguity index (CONTIG) (P) (LandConfig)

Edge contrast (ECON) (P) (LandConfig)

Equals 1 when all patches are
circular, increases with
complexity of patch shape,
independent of patch size.
Equals 0 for a one-pixel patch and
approaches 1 as patch contiguity
or connectedness increases.
Relative measure of edge contrast
between each pair-wise
combination of patch types.

III. Isolation, proximity, and connectedness
Proximity index (PROX) (P) (LandConfig)

Euclidian nearest neighbor distance (ENN) (P)
(LandConfig)
Patch Cohesion Index (COHESION) (C) (LandConfig)

Connectance index (CONNECT) (C&L) (LandConfig)

Considers size and proximity of
all patches with the same land
cover type inside a specified
search radius.
Minimum edge to edge distance
to the nearest neighboring patch
of the same type.
Measure of the physical
connectedness of the focal land
cover class.
Percentage of patches which are
joined, inside a specified
threshold distance.

IV. Contagion/interspersion
Contagion index (CONTAG) (L) (LandConfig)

V.

Measure of the aggregation of the
land cover classes.

Diversity of habitats

Number of different patch types
in the area.
Percentage of present patch types
Relative patch richness (RPR) (L) (LandComp)
of all categories.
(P) = Patch level metric, (C) = Class level metric, (L) = Landscape level metric, as specified in
FRAGSTATS
(LandConfig) = Landscape Configuration, (LandComp) = Landscape Composition
Patch richness (PR) (L) (LandComp)

Table 4.1 – Selected landscape metrics for this study
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Assessment method
Considerable work needs to take place before the FRAGSTATS analysis can take
place. First, the determination of habitat preferences described in the previous section is
critical. Next, creation of a base file for the analysis is required in ArcGIS.
FRAGSTATS is incapable of base file creation, and only conducts the spatial analysis of
landscape structure. Once the base file is created, it can then be analyzed in
FRAGSTATS, but this still only provides a data set describing the landscape structure.
Since we are creating a visual representation of the data set, additional steps are
necessary to return the data to GIS and map the analysis of the landscape. The next step
is to open the output file created using FRAGSTATS in Excel and reformat the
information to a GIS-compatible format. The data can then be brought into GIS and
joined with the original raster image base to represent the spatial analysis at all landscape
structure levels being evaluated (patch, class, and landscape). This gives us the necessary
information for the assessment of the existing green infrastructure for increasing urban
biodiversity.
GIS base file creation
The study uses a patch mosaic model of landscape structure based on land cover class
data. Once the neighborhood planning district boundaries were created, they were used
to clip the land cover class data to the areas within the districts. However, several steps
were necessary to create the base habitat raster file that would be used for the
FRAGSTATS analysis. The habitat preferences of the target species necessitated the
creation of an additional land cover class for shrub areas within the districts. Using the
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aerial photography shrub areas were designated within the districts and added to the land
cover class data based on their visibility in the aerial photography. The created shrub
layer was then converted to raster format in GIS at the same spatial resolution as the
initial land cover class data using the polygon-to-raster command in GIS. The use of the
polygon-to-raster command is necessary since it allows the user to define the cell size of
the raster being created. Combining the newly created raster shrub layer with the land
cover class data using the Mosaic command in GIS allows the user to run one analysis of
all canopy cover classes for the study areas and provides a more accurate assessment of
the habitat within the study areas (Fig. 4.6). Finally, the data was exported as a GRID
format for use in FRAGSTATS. After initial runs of the spatial analysis in FRAGSTATS
the 1m resolution was determined to be too fine of a resolution due to computing
limitations, therefore the data was converted to a 5m resolution for ease of calculation.
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Figure 4.6 – Neighborhood planning district base files

Transition to FRAGSTATS from GIS
Once the raster base has been created, the next step is to export the data to GRID
format file for use in FRAGSTATS (FRAGSTATS accepts multiple file types but
according to the FRAGSTATS manual the GRID format works best (McGarigal, 1995).
Once the GRID format file has been exported, then save and close GIS to minimize
system memory usage. Before opening FRAGSTATS, two more files need to be
created: a class properties file and a contrast weight file. The class properties file tells
FRAGSTATS which land cover classes will be used and exported, and which will be
ignored or used as background. The class properties file is created using any text editing
software and saved as .txt file format (Fig. 4.7).
Value

Title

true = category is evaluated
false = category is ignored

false = category is background
true = category is not background

Figure 4.7 - Class properties file
The edge contrast weight file (.xls) is created in Excel and is based on the structural
contrast between the two land cover classes being examined (Table 6.8). The contrast
between the adjacent patches is determined using the potential habitat quality of the
target species and the structural complexity of the land cover class.
FRAGSTATS analysis
The first step of the FRAGSTATS analysis is setting the run parameters for the
analysis. First, open the run parameters window in FRAGSTATS (Fig. 4.8) by selecting
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the run parameters button. The GRID format file that we created in GIS is selected as the
input data and a location for the output file is specified. For this study, we will be
conducting a single landscape input although it would be possible to run multiple
landscapes at one time using a Batch File in FRAGSTATS. The main purpose for using
the single landscape input at this time is computing requirements; the analysis can take a
significant amount of time to run if the resolution of the input file is fine. The
background value for the analysis will need to be provided with the GRID format file
type although it can be left at 999. The analysis type we will be using is standard instead
of the moving window analysis. The box for create an output ID file should also be
checked. This will allow FRAGSTATS to create an output file that can be taken into GIS
and used to represent the landscape structure information retrieved using FRAGSTATS.
The Class properties file should have been created already and should be selected to give
FRAGSTATS further guidance on the use of the individual land cover types. The 8neighbor rule box should be selected and all three Output Statistics levels should be
selected (patch, class, and landscape). Once all Run Parameters have been selected click
OK.
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Figure 4.8 - FRAGSTATS run parameters window
The next step in the FRAGSTATS analysis is selecting landscape metrics. Select the
14 metrics described earlier. This will require opening all three landscape structure level
windows (patch, class, and landscape) (Fig. 4.9) and selecting the specified metrics from
each window. Once the necessary landscape metrics are selected from each window, the
analysis can be executed. In order to execute the analysis all that is required is to click
the execute button and let the analysis run until finished (this may be a considerable
amount of time).
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Figure 4.9 - Landscape metric selection window (patch level metrics)
Once the analysis has been run the results will show in the browse results window
(Fig. 4.10). From here you can save the results if they have not already been saved, and
clear the results if there were issues with the analysis and you wish to rerun it. Since the
results of the analysis are what we need they are saved for use in GIS. However, the
problem is that the output file format from FRAGSTATS is not compatible with GIS and
will need to be converted to a compatible file format in Excel.
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Figure 4.10 - Browse results window
Transition to Excel
The first step in opening the file in Excel; open Excel and then select the output file
with the .patch, .class, or .land ending. The .patch file is used for the GIS representation.
The .class and .land files provide valuable information, but provide insufficient
information for GIS representation. Open the patch file as a comma delimited file to
properly view the data. The next step is to get rid of the extraneous information in the
file by formatting the columns to fit the data and then converting the data to a number
format. The data will be in a general format when output from FRAGSTATS. If not
converted to a number format the data will not work in GIS. Once the data has been
converted to a number format save the file as an excel format file. Versions of GIS older
than 9.2 require saving the file as a .dbf4 file before inserting into GIS and joining to the
raster image for representation of the landscape. Excel should then be closed although
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with the excel file format there should not be any issues with having the file open and
inserting it into GIS at the same time. (This was an issue with the .dbf4 file format, the
file had to be closed in Excel and then inserted in GIS. If both files were open at once it
would not work.)
Transition back to GIS
In order to view the data on the landscape it must be inserted back into GIS and
joined with the ID raster file that FRAGSTATS created. This ID file is essentially a base
GRID file that gives a value to each individual cell so the data can be spatially joined to
it. Once the ID file and excel patch file have been added into GIS select the ID file, right
click on the name and using the join and relate command join the ID file and the patch
file based on ‘value’ (this should be the cell ID for each cell).
After the data has been successfully joined to the ID image file each metric can be set
up for visualization using their individual attributes. Some metrics, especially landscape
level metrics will only provide a single output for the entire landscape and cannot be
visualized. However, these landscape level metrics are still valuable for the comparison
of the existing and proposed green infrastructure.
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Figure 4.11 - GIS join data window
Once the visualization of all of the metrics has been set up in GIS, they can be
compared and overlaid to highlight areas that have the highest potential for increasing
urban biodiversity. There are multiple ways to achieve the overlay of the metrics and the
assessment of the study area. For instance, using the metrics in separate layers and
overlaying the layers using a gradient of colors creates a map illustrating the highest
values. Additionally, the individual cells can be assigned weights based on each metric
and then using the Union command combined into a single layer based on the sum of the
weights from all metrics for each cell.
Existing Analysis
Analyzing the existing conditions within the two neighborhood planning districts
provided the base for the assessment of the proposed green infrastructure scenarios.
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Using the FRAGSTATS analysis, the following six metrics were evaluated and then
represented in GIS: AREA, SHAPE, CONFIG, PROX, ENN, and ECON. Additional
metrics measuring class and landscape level heterogeneity were used strictly for data
comparison due to their metric outputs.
Fenway Neighborhood Planning District
According to the analysis of the Fenway district, tree canopy covers over 26% of the
area with an additional 8% grass and over 3% shrub cover (Table 4.2). This accounts for
approximately 38% of the district with the land cover data showing the remainder in the
impervious land cover class. The habitat areas contained within the tree, shrub, and grass
areas are highly fragmented as shown by the NP metric output (Table 4.2). The large
number of patches within each category especially evident from the presence of over
1100 areas of grass cover within the district is also the cause of the low CONNECT
values (Table 4.2). This patch fragmentation likely results in the high levels of ED
(Table 4.2) for the forest and grass classes.
High levels of habitat fragmentation are also evident in the landscape level analysis of
the Fenway district. The analysis shows the overall fragmentation of the patches usable
as habitat evident in the high NP values (Table 4.3) as well as the low CONNECT value.
The individual patch analysis provides additional information regarding the
fragmentation of the patches within the district. Although the CONNECT analysis
resulted in relatively low values especially for the forest and grass classes the shrub class
had a much higher CONNECT value. Additionally the COHESION analysis of the
district shows that the individual patches within the district in the forest and shrub classes
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are more physically connected than the grass class (Table 4.3). The low levels of
COHESION within the grass class in the district are to be expected within an urban
environment and are due to the fragmentation of the class by impervious elements such as
roads.
Class Level Fenway Existing Analysis
TYPE PLAND NP
PD
ED
CONNECT COHESION
16.9434
97.4147
Forest 26.5389 858 572.6586 306.8863
19.1303
72.3331
Grass 8.1944 1197 798.9188 324.2729
3.3939
36
24.0276
60.9701
46.1905
92.5482
Shrub
Table 4.2 - Class Level Fenway Existing Analysis
Landscape Level Fenway Existing Analysis
LID
NP
PD
CONTAG CONNECT COHESION PRD
18.4044
95.8824
2.002
Fenway 2091 1395.604 35.5406
Table 4.3 - Landscape Level Fenway Existing Analysis
Using the AREA metric (Fig. 4.12), we can see that the large contiguous patch in the
center of the Fenway neighborhood planning district known as the Back Bay Fens is the
largest single patch within the neighborhood and is likely the patch with the highest
habitat quality. The Fenway district also contains several large patches disconnected
from the larger patch that are also likely to be capable of supporting the target species
based on size of the habitat patches. The output of the SHAPE metric (Fig 4.12) however
draws attention to the convoluted shape of the large patch in the center of the district,
which likely results in a loss of core area as the edge-to-perimeter ratio is increased. In
fact, most of the larger patches within the Fenway district are of a high SHAPE value
with the exception being the cluster of habitat in the top center of the district. These
convoluted shapes are due to urban development patterns that result in the creation of a
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patchwork of disaggregated habitat that has a negative impact on the habitat quality of the
individual patches but can be reduced by addressing the adjacent land uses.
Analysis of the CONTIG values for the Fenway district (Fig. 4.13) shows high levels
of contiguity of the patches located in the center of the district with values gradually
decreasing as they move away from the center. This pattern of contiguity breakdown is
due to the movement towards high-density residential and commercial development
along the eastern and western edges of the district. This breakdown of habitat patches is
also evident in the values of the PROX metric (Fig 4.13) which shows the highest levels
surrounding the large central patches with values once again decreasing as the patches are
located farther from the center of the district.
The values of the ENN metric for the Fenway district (Fig. 4.13) show the majority of
the habitat patches with low values, however, the analysis also shows several instances of
isolated patches within the district, especially the smaller patches located on the sides.
Many of these same small patches not surprisingly show a high ECON level (Fig. 4.13).
The somewhat surprising outcome of the ECON analysis are the high levels of contrast
within the large patches located in the center of the district. This is due to the structural
contrast between the shrub and impervious cover classes.
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Figure 4.12 - Fenway existing analysis (aerial, base, AREA and SHAPE metrics)
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Figure 4.13 - Fenway existing analysis (CONTIG, PROX, ENN, ECON)
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Mission Hill neighborhood planning district
Similar to the Fenway district the Mission Hill district contains over 28% tree canopy
cover with an additional 11% grass coverage and 1.8% shrub cover accounting for
approximately 40% of the district. According to the data, the remainder of the district is
in the impervious cover class. The habitat areas contained within the tree and shrub
classes are highly fragmented as evident in the NP metric output (Table 4.4), however,
the shrub class contains a relatively low percentage of the landscape. Patch
fragmentation likely results in the high levels of ED (Table 4.4) for the forest and grass
classes and the high PD values. The low levels of ED (Table 4.4) for the shrub class is
likely due to the small amount of shrub within the district and the clustering of shrubs
within specific small areas. The COHESION analysis (Table 4.4) of the Mission Hill
district shows that the individual patches in the grass and shrub classes are more
physically connected than the grass class. The similar levels of COHESION within all
three classes show that the distribution of the classes is consistent throughout the district.
The Mission Hill district contains a high level of habitat fragmentation that is evident in
the landscape level analysis.
The landscape level analysis shows the overall fragmentation of the patches usable as
habitat evident from the high NP value (Table 4.5) as well as the low CONNECT value.
For the Mission Hill district, the patch level analysis was extremely useful for drawing
attention to the overall fragmentation of the patches in the district.
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TYPE
Forest
Grass
Shrub

Class Level Mission Hill Existing Analysis
PLAND NP
PD
ED
CONNECT COHESION
28.0741 1513 952.0064 327.9483
17.9791
93.6322
11.532 1349 848.8147 339.8405
16.2203
80.8091
1.8452
30
18.8765 44.9261
36.7816
89.8553
Table 4.4 - Class Level Mission Hill Existing Analysis

LID
Mission
Hill

Landscape Level Fenway Existing Analysis
NP
PD
CONTAG CONNECT COHESION
2892

1819.697

36.941

17.204

91.658

PRD
1.887

Table 4.5 - Landscape Level Mission Hill Existing Analysis
The AREA metric (Fig. 4.14) analysis of the Mission Hill district shows numerous
large patches dispersed throughout the landscape and a clustering of large patches in the
southern portion of the district. The clustering of large patches in the southern portions
of the district has the potential for providing habitat for the target species. The
convoluted shape of the larger patches as highlighted by the SHAPE analysis (Fig. 4.14)
may reduce the habitat quality of these patches for certain species due to the reduction of
core area habitat. However, for the Red-tailed Hawk the combination of tree, shrub, and
grass areas provides valuable habitat. Interestingly, the majority of the patches that are
isolated in the district are of a low SHAPE value likely due to their composition of one
large property area.
Analysis of the CONTIG values for the Mission Hill district (Fig. 4.15) shows high
levels of contiguity of the patches located in the southern portion of the district and along
the western edge. This pattern of contiguous patches can be seen in the Mission Hill
neighborhood planning district aerial (Fig. 4.2) and is due to the change from commercial
and high-density residential on the northern portion of the site to medium-density
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residential and open space. This change from highly fragmented patches to more
contiguous patches is very evident in the PROX analysis (Fig. 4.15). The PROX analysis
again highlights the aggregation of large patches in the southern portion of the district.
The PROX values drop dramatically as the patches move north from the larger patches
and then begin to increase as the patches approach the edge of the district.
The ENN analysis of the district (Fig. 4.15) shows low values for most of the district
with some small areas of higher values scattered throughout. Unlike the Fenway district
the values for the Mission Hill district ECON analysis (Fig. 4.15) show relatively low
levels of edge contrast throughout the district with only a small number of patches of
higher contrast. These higher contrast patches are primarily areas where shrub and
impervious areas are adjacent.
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Figure 4.14 - Mission Hill existing analysis (aerial, base, AREA and SHAPE metrics)
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Figure 4.15 - Mission Hill existing analysis (CONTIG, PROX, ENN, ECON metrics)
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Green infrastructure implementation assessment
The green infrastructure implementation assessment uses a patch mosaic model of
landscape structure based on thematic content including land-use cover, roadway,
building footprint, and street tree data. Street tree data acquired from the Urban Ecology
Institute’s urban tree canopy mapping project was originally point data but was buffered
to create a tree canopy layer. This allowed the use of the tree canopy data with the
remaining data in a format compatible with the patch mosaic format. The GIS data was
not available for the neighborhood planning districts so the files used in this study were
created using maps from the Boston Redevelopment Authority.
After the creation of the neighborhood planning district boundaries for the Fenway
and Mission Hill neighborhoods these served as the base files for the assessment. The
creation of a process model using the ModelBuilder function within GIS produced the
raster file imported into FRAGSTATS for the spatial analysis (Fig. 4.17).
Several steps were necessary to create the base habitat raster file for the
FRAGSTATS analysis. The model was set up to clip the land use, street tree, road,
building footprint, and parcel layers to just the areas within the individual neighborhood
planning districts, which created individual layers by neighborhood for each of the
original layer files (Fig. 4.17).
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Figure 4.16 –Green infrastructure implementation assessment GIS base creation
After the creation of the individual GIS data files for the neighborhood planning
districts it was necessary to combine some of the data into one comprehensive layer that
represented the available habitat within the study areas. In order to do this the land use
file was set as the base. As mentioned previously, the street tree layer set as point data
was buffered to create a tree canopy file. The point data for the individual trees were
buffered 15’ to create a 30’wide tree canopy for all the street trees and the buffering
command was set up to dissolve all the canopies that intersect to create a single
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contiguous canopy polygon when trees overlapped. The roads layer obtained from
MassGIS was set as polyline data for each roadway and was buffered to make it usable
for the analysis. Once again using the buffer command in GIS, the roads were assigned a
15’ buffer and the command was set to dissolve any overlap. The conversion of the street
tree point data and the roadway polyline data is crucial to the assessment process since
these represent layers of habitat in the case of the street trees and non-habitat in the case
of the roads.
Once the street tree and roads layers were buffered, the base was set up using layers
of habitat and non-habitat. Using the erase command in GIS, areas covered by roads
were removed from the land use data, since they are considered areas of non-habitat. The
erase command was used once again with the building footprints layer to remove the
areas of land use that were covered by buildings since these too were also considered
non-habitat. It is important to note that although both the areas containing roads and
building footprints were removed for the assessment of the existing study area habitat,
they may be altered for the scenarios by removing roads and buildings or including green
infrastructure features, such as green roofs, that can be considered habitat for certain
species.
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Figure 4.17 – GIS model for creation of raster base files

1.

2.
3.

4.
5.

6.

Assigned weight based on tree location (vertical structure
implementation)
Road width
a. Major roadway
b. Medium road
c. Narrow road
Intersection of roads
Sidewalk width
a. Wide sidewalk >10’
b. Narrow sidewalk <10’
Vacant land
Land use category
a. Medium-density residential
b. High-density residential
c. Commercial
d. Industrial
e. Participation recreation
f. Spectator recreation
g. Institutional/urban open
h. Forest
i. Water
Existing street trees
3 = high probability of implementation
2= medium probability of implementation
1 = low probability of implementation

Points
1
2
3
0
2
1
3
3
2
2
2
1
1
3
0
0
2

Table 4.6 – Assessment for green infrastructure implementation weights
Combination of assessments
The combination of the existing green infrastructure assessment and the green
infrastructure implementation provides an overall assessment of the study areas. Using
this combined assessment along with each of the individual assessments provides
direction for the development of future scenarios. In order to combine the assessments in
GIS each should be imported as an individual layer. By adjusting the transparency of the
top layer, areas with high potential in both assessments should be visible.
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Proposed green infrastructure scenario assessment
Use the combined assessment of the existing green infrastructure and the assessment
for green infrastructure implementation to design proposed green infrastructure scenarios
based on the target species habitat requirements. The scenarios are based on the habitat
preferences of one target species but assessed for their impact on all three target species.
This allows for comparison of the use of individual species based scenarios and a
combined scenario approach. The goal of each scenario was to increase and connect the
cover canopy class associated with the target species the scenario is focusing on to
increase the potential abundance of the species. Each scenario focused on only one target
species and the one cover class that represented the highest habitat value for that species.
The creation of the scenarios focused on the increase of the cover class within both
neighborhood planning districts in areas where there is existing habitat or the potential
for habitat. The scenarios focused on the creation of new habitat areas in existing open
space and areas such as parking lots and roadways by introducing street trees and
vegetated planting. No buildings, parking lots, or roadways were removed for the
proposed scenarios, instead street trees and vegetated parking spots were used to create
tree canopy that would cover these areas.
The first scenario, based on the habitat requirements of the Red-tailed Hawk (Buteo
jamaicensis), focuses on an increase in forest canopy cover including standing trees
located in close proximity to open grass areas for nesting and perching. The second
scenario based on the Song Sparrow (Melospiza melodia) focuses on increasing
contiguous shrub areas especially in close proximity to wet areas. The final scenario
based on the habitat requirements of the Variegated Fritillary (Euptoieta claudia) focuses
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on an increase in open grass areas. The impact of each scenario was then assessed based
on their ability to support or increase the abundance of the target species. This
assessment used the changes in the metric values for all three levels of analysis (patch,
class, and landscape) to determine the increase or decrease of landscape structure
measurements related to habitat quality and connectivity. For example, with an increase
in the percentage of the landscape comprised of the forest class and a decrease in the
number of patches in that class we can assume that this will cause a positive increase in
the potential of the district to support or increase the target species abundance.
Creating proposed scenarios base files in GIS
The creation of the three proposed scenarios required the use of base files created in
GIS. The creation of the scenarios involved using the specific land cover class most
related to the habitat requirements of the target species. Once areas were determined for
land cover class change they were created in GIS and added to the existing land cover
class base. The new land cover areas were first created as individual polygons. A new
field was then added to each layer. The new field was edited to convert the file to the
same class as the land cover base. Once edited the files were converted to raster data
using the polygon to raster command so they could be added to the existing base. The
polygon to raster command allows for the creation of the new raster file with a user
defined cell size (existing base cell size used in this study is .64175454 meters) allowing
it to be easily combined with the existing base. Each new scenario was then added to the
existing base using the mosaic to raster command in GIS and exported as a GRID format
file for FRAGSTATS analysis.
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Transition to FRAGSTATS
Conducting the FRAGSTATS spatial analysis for the proposed green infrastructure
scenarios requires using the same steps discussed in the previous section on the analysis
of the existing green infrastructure. The same metrics used for the analysis of the
existing green infrastructure should be used again for this stage of the process in order to
allow for comparison. This comparison determines the ability of the proposed green
infrastructure to increase urban biodiversity. Once analyzed the output from the
FRAGSTATS analysis is opened in Excel and reformatted for insertion back into GIS.
Insert the proposed scenario analysis into GIS using the previously described method.
Once in GIS the scenarios can be assessed for their ability to increase urban biodiversity.
The scenarios should be kept separate for the assessment process and will be used to
create a composite green infrastructure implementation scenario in the next step of the
process. It is possible to overlay like metrics from each scenario in order to determine
areas of similarity between the scenarios and this will help in the creation of the
composite implementation scenario.
Red-tailed Hawk Scenario
The first scenario is based on the habitat preferences of Red-tailed hawk (Buteo
jamaicensis) includes the increase of tall standing trees with open space for hunting. The
high mobility of the species allows for the use of a collection of patches to meet the
habitat needs of the species instead of one large patch capable of meeting all the lifecycle requirements of the species. The habitat preferences include the presence of
intermixed land cover classes, open space for hunting and areas of tree canopy bordered
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with grass open space especially with larger patches of tree canopy. Additionally, the
preservation or creation of tree canopy areas greater than 15 acres (6 ha) using existing
smaller areas should be the primary focus of the scenario. The creation of additional
areas of tree canopy and connection of existing habitat involves a heavy increase in tree
planting as can be seen in Figure 4.18. The scenario focuses on the addition of tree
canopy areas to the district and the connection of existing habitat patches into larger
contiguous patches. The scenario did not allow for the removal of existing buildings but
did allow for the addition of canopy areas to structures such as parking lots and roadways
through the use of street trees in order to create a more highly connected tree canopy
cover class. By using street trees and vegetated parking spots a highly connected tree
canopy is created that covers the existing impervious cover of the roadways and parking
lots.
Fenway neighborhood planning district
Analysis of the proposed Red-tailed Hawk scenario for the Fenway district (Fig. 4.19)
shows an increase in tree canopy from 26% to 32% of the landscape and a slight drop in
the percentage of the landscape comprised of grass cover from 8% down to 7%. This
drop can be attributed to the conversion of these areas to tree canopy, an increase in patch
sizes, and higher connectivity throughout the landscape. The increase in the average
patch size is demonstrated by the increase in the PLAND value for the tree canopy class
and the decrease in the NP value from 858 to 634 (Table 4.7). This decrease in the
number of overall patches (NP) is due to the connection of these patches into one larger
contiguous patch which is evident in the increase in the CONNECT value (Table 4.7) for
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the tree canopy class. The values describe a reduction in habitat fragmentation from the
existing district to the proposed scenario.
The landscape level analysis of the Fenway district also shows an increase in the
connectivity of the landscape and a reduction of overall fragmentation. The number of
overall patches in the district dropped from approximately 2100 to just over 1900 due to
the creation of a larger more contiguous patch network (Table 4.8). Additionally, the
CONTAG value (Table 4.8) for the landscape increased along with the CONNECT,
COHESION, and PRD values (Table 4.8).
Fenway Red-tailed Hawk Scenario class level analysis
PD
CONNECT COHESION
TYPE PLAND NP
17.2669
98.2181
Forest 32.2577 634 423.1392
20.5905
73.1353
Grass 7.3582 1033 689.4365
36
24.0268
46.1905
92.313
Shrub 3.3938
Table 4.7 - Fenway Red-tailed Hawk Scenario class level analysis
Fenway Red-tailed Hawk Scenario landscape level analysis
NP
PD
CONTAG CONNECT COHESION PRD
1916 1278.7613 42.0647
19.9525
98.7756
2.6696
Table 4.8 - Fenway Red-tailed Hawk Scenario landscape level analysis
The patch level AREA analysis (Fig. 4.20) for the Red-tailed Hawk scenario also
shows an increase in the distribution of large patches in the landscape and the connection
of many of the smaller isolated patches into larger patches capable of providing higher
quality habitat. The AREA analysis shows the benefit that heavy street tree plantings can
have on the creation or increase of patches in the urban environment. Heavy street tree
plantings and the creation of additional tree canopy areas within open space in the district
creates a contiguous network of patches as evident from the CONTIG analysis (Fig.
4.22). The use of street trees for habitat creation is limited by their thin linear shape
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resulting in high levels of edge contrast as visible in the ECON analysis (Fig. 4.25). The
SHAPE analysis shows a similar situation to the existing conditions within the district
(Fig 4.21). The largest patch in the southern portion of the district is highly convoluted,
resulting in a high edge-to-interior ratio that would not be supportive of interior habitat
species.
An overall increase in the connection of the habitat within the district is visible in the
PROX analysis (Fig. 4.23) with the newly created larger patches reducing the PROX
value for many of the existing patches. This high level of connectivity is also visible in
the ENN analysis (Fig. 4.24) of the district habitat with only some of the smaller isolated
patches having higher ENN values.
Mission Hill neighborhood planning district
Analysis of the first scenario for the Mission Hill district shows similar results as the
Fenway district. The PLAND value (Table 4.9) for the tree canopy class increased from
28% to 32% of the landscape with both the values for the grass and shrub classes
dropping slightly. This reduction of the overall percentage of the landscape comprised of
the grass and shrub classes is due to their conversion to tree canopy based on habitat
preferences of the Red-tailed Hawk. The decrease in the number of forest class patches
as shown in the NP value (Table 4.9) is due to the connection of smaller isolated patches
using street trees and the creation of new tree canopy areas. The drop in NP and increase
in PLAND values seen in both the Mission Hill and Fenway districts for the Red-tailed
Hawk scenario is evidence of the decrease of fragmentation of the patches within the
landscape. The decrease of fragmentation of habitat patches in the landscape can also be
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seen in the increase in the CONNECT and COHESION values (Table 4.9) for the forest
cover class.
The landscape level analysis of the Mission Hill district also mirrors the findings
from the class level analysis. The overall number of patches (NP) (Table 4.10) within the
district dropped from 2892 to 2626 due to the connection of these patches into larger
patches. The CONTAG value (Table 4.10) for the proposed scenario increased in the
district due to the creation of large clustered habitat patches.
Mission Hill Red-tailed Hawk Scenario class level analysis
PD
CONNECT COHESION
TYPE PLAND NP
17.0919
95.0294
Forest 32.6674 1188 747.5107
16.6204
73.4836
Grass 9.4996 1270 799.1065
27
16.9889
38.1766
89.9388
Shrub 1.6643
Table 4.9 - Mission Hill Red-tailed Hawk Scenario class level analysis
Mission Hill Red-tailed Hawk Scenario landscape level analysis
NP
PD
CONTAG CONNECT COHESION PRD
2626 1652.3257 39.4573
16.8569
98.9522
2.5169
Table 4.10 - Mission Hill Red-tailed Hawk Scenario landscape level analysis
The patch level analysis of the scenario highlighted additional changes in the
configuration and composition of the habitat patches. The AREA (Fig. 4.28) analysis
shows an increase in the overall AREA of many of the habitat patches including the large
patches clustered in the southern portion of the district. Additionally, the creation of new
tree canopy patches and the connection of existing smaller isolated patches resulted in
large patches throughout the district. This connection of habitat patches is evident in the
CONTIG analysis (Fig. 4.30) and when compared with the existing Mission Hill analysis
(Fig. 4.15) shows an increase in CONTIG values for many of the patches within the
district. This reduction in fragmentation is also evident in the PROX analysis (Fig. 4.31)
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and the ENN analysis (Fig. 4.32). The high PROX value for the large patch in the
southern portion of the site is due to its large size and the close proximity of the patch to
other large patches. The ENN analysis shows that overall the habitat patches within the
district are in close proximity to each other with a few exceptions being small isolated
patches along the eastern and western edges of the district.
The SHAPE analysis (Fig. 4.29) of the scenario still shows that the habitat patches
throughout the district are highly convoluted, likely have a high edge-to-interior ratio,
and may fail to provide high quality habitat for interior species. Changing the shape of
the habitat patches within the urban environment will be difficult without the removal of
buildings. Due to the dispersion of impervious areas throughout the district, the ECON
analysis (4.33) shows a relatively high level of contrast for most of the habitat patches.

100

Song Sparrow Scenario
The second proposed scenario was developed using the habitat preferences of the
Song Sparrow (Melospiza melodia). The preferred habitats for the Song Sparrow include
wet vegetation areas and contiguous shrub areas. The proposed scenario focused on the
increase of the shrub cover class within the two neighborhood planning districts
especially in areas adjacent to existing shrub areas (Fig 4.18). The existing shrub areas
are increased to meet the 1 ha requirement of the Song Sparrow and shrub areas are
proposed in existing open space areas. The proposed scenario did not allow for the
removal of buildings but did allow for breaking up the parking lots and roadways by
introducing areas of shrub along the edges but primarily focused on the increase of shrub
areas in the center of the district in close proximity to other large patches of the shrub
cover class. Looking at the proposed base cover class file (Fig. 4.19) the clustering of the
large shrub patches in the center of the district is immediately evident.
Fenway neighborhood planning district
The class level analysis of the proposed scenario for the Fenway district shows an
increase in the shrub cover class PLAND value from 3.4 to 5.9 (Table 4.11). This
increase in the percentage of the landscape comprised of the shrub class is accompanied
by a slight drop in both the forest and grass classes, due to the conversion of these areas
to the shrub class. The NP value for the shrub class (Table 4.11) also increased in the
district for the scenario due to the introduction of new shrub areas and the conversion of
other classes to shrub areas. This conversion of habitat areas from tree and grass to shrub
will benefit the Song Sparrow and other species reliant on areas of shrub for habitat while
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negatively affecting species that use the other class areas. Interestingly, the CONNECT
value (Table 4.11) for the scenario decreased from the existing 46.2 to the proposed 36.6
for the shrub class and decreased in the forest and grass classes as well. This decrease in
CONNECT value for the scenario is inconsistent with the expected outcome of the
analysis considering the introduction of new shrub areas and the increase in existing
shrub areas. This decrease in value is likely due to the creation of new patches outside
the threshold distance used for the CONNECT metric. COHESION values (Table 4.11)
for the scenario increased in both the shrub and grass cover classes and decreased in the
forest cover class. This outcome was expected in the scenario with the conversion of
some forest areas to shrub cover resulting in an overall loss of cohesion for the class.
The landscape level analysis of the second scenario for the Fenway district also
resulted in unexpected values. The NP value (Table 4.12) for the scenario increased in
relation to the existing. This increase in the NP value is due to the fragmentation of tree
class patches for the creation of shrub patch areas resulting in a higher overall NP value.
This fragmentation of tree class patches for the creation of shrub class patches also
explains the higher CONTAG value for the scenario (Table 4.12). The overall CONTAG
value for the district increased while the COHESION values (Table 4.12) for the
proposed scenario increased at the landscape level. This increase in COHESION value is
due to the calculation of all patches within the three cover classes across the landscape
without identifying the individual cover class.
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Fenway Song Sparrow Scenario class level analysis
PD
CONNECT COHESION
TYPE PLAND NP
16.9195
96.1274
Forest 25.0847 903 602.673
7.7019 1271 848.2806
19.2597
66.6046
Grass
46
30.7009
36.6184
93.1034
Shrub 5.8515
Table 4.11 - Fenway Song Sparrow Scenario class level analysis
Fenway Song Sparrow Scenario landscape level analysis
PD
CONTAG CONNECT COHESION PRD
NP
18.5908
98.6119
2.6696
2400 1601.7887 41.3709
Table 4.12 - Fenway Song Sparrow Scenario landscape level analysis
The patch level of the Song Sparrow scenario for the Fenway district highlighted
areas of increased habitat size and contiguity as well as drawing attention to the
remaining highly convoluted patch shapes and edge contrasts between the habitat patches
and the impervious areas in the district. The AREA analysis (Fig. 4.20) of the district for
the proposed scenario shows change in the size of the shrub habitat in the southern
portion of the district. This increase of AREA value is not surprising with the increased
number and size of the proposed shrub class patches. Likewise, the changes from the
existing to the proposed scenario for the SHAPE values (Fig. 4.21) were expected with
the creation of the larger patch areas. This is evident in the decrease of SHAPE value for
the large patches in the southern portion, resulting in a higher interior habitat ratio, which
is consistent with the needs of the Song Sparrow. Since the primary addition of shrub
areas was located in the center of the district the SHAPE values on both sides change
little from the existing to the proposed. The CONTIG values (Fig. 4.22) for patches in
the district saw both an increase in the areas near the proposed shrub areas and a decrease
in CONTIG values for patches of other classes that were somewhat cut off from other
patches. This isolation of patches in the forest and grass classes needs to be addressed in
later iterations of the assessment. Interestingly, the PROX values (Fig. 4.23) for many of
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these same patches increased in the proposed scenario, likely due to the creation of larger
patches in place of several smaller fragmented patches. This idea is strengthened by the
decrease in ENN values (Fig. 4.24) for the majority of the patches within the district.
Within the Fenway district, there are several areas where the ENN values increased. This
increase is due to the creation of new shrub patches outside the 100m analyzed distance
from an existing patch. The ECON analysis (Fig. 4.25) showed a dramatic change in the
values from the existing to the proposed scenario for the majority of the larger patches
within the district. The ECON values in the proposed scenario decreased for the large
cluster of patches in the center of the district. This decrease in ECON values will result
in a higher expected level of habitat quality for the patches, and an increase of interior
habitat.
Mission Hill neighborhood planning district
The second proposed scenario for the Mission Hill district focused on the increase of
the size of shrub patches and the creation of new shrub patches in response to the habitat
preferences of the Song Sparrow. Analysis of the Song Sparrow scenario for the Mission
Hill showed an increase in the PLAND value (Table 4.13) for the shrub class, which
corresponds to the objective of the scenario. The forest and grass classes both saw a
slight decrease in PLAND value due to the conversion of these cover class areas to shrub
patches. The NP value (Table 4.13) for all three habitat classes in the scenario increased.
The increase in shrub areas due to the creation of new shrub patches and the forest and
grass classes due to fragmentation of existing patches for the conversion to shrub patches.
The CONNECT value (Table 4.13) for the shrub class decreased from the existing and
the forest and grass classes remained near constant. The decrease in CONNECT value
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for the shrub class is accompanied by a decrease in the COHESION value (Table 4.13)
for all three classes. A decrease in both the CONNECT and COHESION values for the
scenario have negative consequences for habitat quality in the district with the habitat
becoming increasingly isolated.
The landscape level analysis shows a slightly different picture than the class level
analysis. The overall landscape CONNECT value (Table 4.14) remained relatively
constant due to its analysis of all three patch cover classes at once. The COHESION
value (Table 4.14) increased considerably between the existing and the proposed
scenario, with the result being beneficial for habitat quality. The NP value (Table 4.14)
and the CONTAG value (Table 4.14) both increased in the landscape level analysis.
These higher CONTAG values result from the creation of new large patches in the shrub
class, and the higher NP value from the conversion of impervious class areas to the shrub
class.
Mission Hill Song Sparrow Scenario class level analysis
PD
CONNECT COHESION
TYPE PLAND NP
17.8583
93.163
Forest 27.7548 1522 957.6694
16.4931
75.3807
Grass 10.6731 1420 893.4892
44
27.6856
41.9662
91.4715
Shrub 3.1351
Table 4.13 - Mission Hill Song Sparrow Scenario class level analysis
Mission Hill Song Sparrow Scenario landscape level analysis
PD
CONTAG CONNECT COHESION PRD
NP
17.2425
98.9075
2.5169
3129 1968.8223 37.3418
Table 4.14 - Mission Hill Song Sparrow Scenario landscape level analysis
The patch level analysis of the proposed scenario revealed additional information
regarding the scenario’s ability to increase urban biodiversity. The AREA analysis (Fig.
4.28) for the proposed scenario shows an increase in the size of the large patches in the
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southern portion of the district as well as the center of the district due to the creation of
new shrub class patches in these areas. The SHAPE analysis shows little change in the
complexity of the patches in the district (Fig. 4.29). The CONTIG analysis values (Fig
4.30) for these areas remained near constant, which is evident from the lack of significant
change in the mapping of the values. The minimal change in both the SHAPE and
CONTIG values for the second scenario is due to the limited development of new habitat
areas within the Mission Hill district. This limited development is due to limitations in
usable open space for the creation of new shrub patches. The PROX analysis (Fig. 4.31)
for the district echoed the previous metrics although there was change in the values in the
center of the district from the creation of several large shrub patches. These newly
created shrub patches resulted in the dramatic increase in ENN value (Fig 4.32) for the
large shrub patch located in the center of the district seen in the ENN analysis map. This
large central shrub patch also had a decreased ECON value seen in the ECON analysis
map (Fig. 4.33). This reduction of ECON values in the center of the district was due to
the creation of several new large shrub patches in this location.
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Variegated Fritillary Scenario
The third proposed scenario was based on the habitat requirements of the Variegated
Fritillary (Euptoieta claudia), which includes open space for tall grasses and wildflowers.
The Variegated Fritillary benefits from the development of tall grass and wildflower
meadows especially in areas that require low amounts of maintenance. For the proposed
scenario the focus was the increase in the percentage and size of grass areas within the
two neighborhood planning districts and the creation of new grass areas (Figs. 4.18 &
4.19). The determination of the level of increase and placement of new grass areas was
based on availability of suitable areas for creating grass patches. In some instances, areas
of forest or shrub cover were converted to grass. Since there was no tall-grass land cover
class the grass class is used for the analysis and assessment. Like the previous two
scenarios, no buildings were removed for the scenario but areas within parking lots and
other land cover class areas were converted to grass areas based on the habitat
preferences of the Variegated Fritillary. The creation of new grass patches and the
expansion of existing grass patches was concentrated in areas in close proximity to
existing open space and existing grass patches. This is due to the limited areas for
development of new grass patches.
Fenway neighborhood planning district
The class level analysis of the third proposed scenario for the Fenway district shows
several distinct changes from the existing. The grass land cover class saw an increase in
PLAND value (Table 4.15) while the forest and forest class value decreased and the
shrub value remained near constant. The loss in percentage of the landscape comprised
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of the forest class and the increase in the grass class is due to the conversion of areas of
forest patch to grass. This conversion of forest to grass areas is to increase the available
habitat for the Variegated Fritillary and explains the increase in NP value for the forest
class. The decrease in NP value for the grass class is caused by the combination of
smaller existing patches into a large contiguous patch (Table 4.15). The grass cover class
also saw a dramatic increase in COHESION value (Table 4.15) for the proposed scenario.
The physical connectedness of the class was improved by creating the large contiguous
patches. The CONNECT value (Table 4.15) for the grass cover class decreased in the
proposed scenario due to the creation of new grass patches outside the existing areas.
The landscape level of the analysis shows an increase in the NP value (Table 4.16) for
the overall landscape due to the fragmentation of forest and shrub patches for the creation
of new grass patches. The overall CONTAG value (Table 4.16) for the district increased
from the existing value of 35.5 to the proposed value 42 because of the creation of
clustered large patches in the center of the district replacing smaller fragmented patches.
The landscape level CONNECT analysis value (Table 4.16) shows a decrease in the
overall connectedness in the district due to the creation of new patches outside of the
specified 100m search radius from the existing patches. Additionally, the proposed
scenario COHESION value increased from the existing because of the increased physical
connectedness of the habitat patches.
Fenway Variegated Fritillary Scenario class level analysis
PD
CONNECT COHESION
TYPE PLAND NP
16.7687
95.7856
Forest 24.2104 924 616.6886
18.1848
88.044
Grass 10.8321 1067 712.1285
35
23.3594
45.7143
92.5264
Shrub 3.4372
Table 4.15 - Fenway Variegated Fritillary Scenario class level analysis
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Fenway Variegated Fritillary Scenario landscape level analysis
PD
CONTAG CONNECT COHESION PRD
NP
17.7441
98.6583
2.6696
2203 1470.3085 42.0046
Table 4.16 - Fenway Variegated Fritillary Scenario class level analysis
The patch level analysis for the third Fenway district scenario draws attention to
several changes from the existing. The AREA analysis (Fig. 4.20) of the district shows
an increase in the area grass patches and a decrease in the area of the forest and shrub
patches due to the conversion of these patches to grass. The largest changes in the AREA
analysis were in the large patches in the center and the patches created on the outer
portions of the district. The SHAPE analysis (Fig. 4.21) shows an increase in shape
complexity for most of the existing patches due to fragmentation through the creation of
the new grass patches. This increase in shape complexity results in an increase in the
edge-to-interior ratio and a decrease in core area. The CONTIG analysis (Fig. 4.22)
shows relatively minor change in the overall contiguousness of the patches in the Fenway
district. Because of the development of grass areas within the existing forest and shrub
areas, there is only minimal change in contiguousness of the landscape. Along this same
line the change in PROX values (Fig. 4.23), for the landscape are primarily in the central
area of clustered patches. These patches show a decrease in the PROX value due to the
creation of new grass patches in areas that are currently forest or shrub. The changes in
the ENN analysis (Fig. 4.24) are relatively minor and primarily affect the isolated patches
within the district. These isolated patches had a decreased ENN value in the proposed
scenario due to the creation of new larger patch areas. The creation of the grass patches
in the large clustering of patches in the center of the district has a significant impact on
the ECON values (Fig. 4.25) for the scenario. The ECON analysis shows a significant
change from the existing to the proposed scenario with the ECON values decreasing
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considerably for the central patches in the proposed scenario. A decrease of ECON value
is beneficial for the habitat quality of the patches located in the center of the district with
the lower value showing a reduced contrast between the land cover classes.
Mission Hill neighborhood planning district
The class level analysis of the third scenario for the Mission Hill district is based on
the habitat preferences of the Variegated Fritillary and focuses on the creation of new
grass cover class areas and the increase of existing grass class areas. The class level
analysis shows an increase in the PLAND value (Table 4.17) for the grass class, which is
expected with the creation of new grass patches. The PLAND analysis also shows a
decrease in the forest cover class due to the conversion of these patches to grass. The
shrub class remains relatively constant for the scenario compared to the existing due to its
limited presence in the district. As with all previous proposed scenarios, the focus class
saw a reduction in the NP value (Table 4.17) for the class level analysis. Similar to the
previous scenarios, this is because of the connection of smaller isolated patches into
larger contiguous patches. Unlike the previous scenario the CONNECT analysis (Table
4.17) shows relatively no change between the existing and the proposed scenario and the
same is true for the COHESION analysis (Table 4.17).
The landscape level analysis of the third proposed scenario for the Mission Hill
district shows similar patterns to the class level analysis. The landscape level NP
analysis (Table 4.18) shows a decrease in the overall number of patches within the
landscape due to the creation of larger contiguous patches. Also similar to the class level
analysis the CONTAG values and CONNECT values (Table 4.18) show minimal change

110

from the existing to the proposed. The COHESION values, however, show significant
change between the existing and the proposed, likely caused by the creation of the larger
patches outside the 100m search radius from the existing patches used in the calculation
of the value.
Mission Hill Variegated Fritillary Scenario class level analysis
PD
CONNECT COHESION
TYPE PLAND NP
17.9344
93.1222
Forest 27.4764 1519 955.7817
16.1692
81.8702
Grass 12.5796 1311 824.9044
1.8405
30
18.8765
36.7816
89.6296
Shrub
Table 4.17 - Mission Hill Variegated Fritillary Scenario class level analysis
Mission Hill Variegated Fritillary Scenario class level analysis
PD
CONTAG CONNECT COHESION PRD
NP
17.1926
98.9172
2.5169
2997 1885.7655 37.9435
Table 4.18 - Mission Hill Variegated Fritillary Scenario landscape level analysis
The patch level analysis for the third proposed scenario in the Mission Hill
neighborhood draws attention to the changes in the metric values from the existing. The
AREA analysis (Fig. 4.28) shows an increase in the size of the grass patches in the
district and a decrease in the size of many of the forest patches due to their conversion to
grass. The increase in the size of the grass patches provides additional habitat for the
Variegated Fritillary if these areas are allowed to become tall grass meadows. The
SHAPE analysis (Fig. 4.29) shows minimal change from the existing to the proposed and
in relation to the Variegated Fritillary has less of an impact on the habitat quality of the
patch than with the previous species. The SHAPE analysis does show however that some
of the proposed patches cause an increase in the SHAPE value for those areas due to the
creation of a more complex patch shape. The CONTIG analysis (Fig. 4.30) shows both
an increase and decrease of the connectedness of the landscape in different areas. Some
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patches saw an increase in connectedness due to the creation of new grass patches while
other saw a reduction of connectedness caused by the fragmentation of existing forest and
shrub patches for the creation of the grass patches. By evaluating the PROX analysis
(Fig. 4.31), we can see an increase in several areas of PROX value from the existing to
the proposed third scenario especially large patches converted to patches of grass for
habitat creation. The most noticeable change is a large central patch and patches located
along the eastern edge of the district. Little change is evident in the ENN analysis (Fig.
4.32); the largest noticeable changes are in the isolated patches located along the edges of
the district with little other noticeable change occurring in the district. Unlike the ENN
analysis, the ECON analysis (Fig. 4.33) shows a drastic change in values from the
existing to the proposed. The change in ECON values can be easily recognized across
the landscape when comparing the existing analysis to that of the proposed scenario.
This change in ECON values is likely due to the introduction of new habitat patches in
the district and the conversion of existing patches to grass.
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Figure 4.18 - Fenway scenarios aerials
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Figure 4.19 - Fenway scenario base files
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Figure 4.20 - Fenway AREA metric (darker color = larger patch size, dark blue
patches are large enough to support Red-tailed Hawk nesting)
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Figure 4.21 - Fenway SHAPE metric (darker color = more complex patch shape,
which will influence interior habitat)
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Figure 4.22 - Fenway CONTIG metric (darker color = more contiguous patches)
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Figure 4.23 - Fenway PROX metric (darker color = larger more aggregated habitat
patches)
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Figure 4.24 - Fenway ENN metric (lighter color = patches closer to patches of same
class)
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Figure 4.25 - Fenway ECON metric (darker color = higher levels of contrast
between adjacent land cover classes)
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Figure 4.26 - Mission Hill scenario aerials
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Figure 4.27 - Mission Hill base files
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Figure 4.28 - Mission Hill AREA metric (darker color = larger patch size, dark blue
patches are large enough to support Red-tailed Hawk nesting).
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Figure 4.29 - Mission Hill SHAPE metric (darker color = more complex patch
shape, which will influence interior habitat)
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Figure 4.30 - Mission Hill CONTIG metric (darker color = more contiguous
patches)
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Figure 4.31 - Mission Hill PROX metric (darker color = larger more aggregated
habitat patches)
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Figure 4.32 - Mission Hill ENN metric (lighter color = patches closer to patches of
same class)
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Figure 4.33 - Mission Hill ECON metric (darker color = higher levels of contrast
between adjacent land cover classes)
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Scenario Change
The determination of change for the scenarios was based on the change in value
between the FRAGSTATS analysis output data from the existing analysis, and the
analysis of the proposed scenarios. By comparing the change in output data, we are
capable of determining characteristics of the scenarios that have either a positive or a
negative impact on the ability to increase urban biodiversity. For instance, an increase in
PLAND value and decrease in NP value in the output data for a scenario conveys the
creation of large patches by connecting existing smaller isolated patches. This creation of
new larger patches will have a positive influence on the ability of the scenario to increase
urban biodiversity.
The comparison of the scenarios occurs at the class and landscape levels. It
incorporates elements of the patch level analysis when these elements were noticeably
inconsistent with the expected outcome of the analysis. It was hypothesized that the
species with the largest range requirements would have the highest ranking due to the
inclusion of potential habitat for other species within the required species habitat.
The Red-tailed Hawk scenario resulted in minimal changes to the composition of the
landscape in regards to the grass and shrub classes (PLAND); however, the percentage of
the landscape composed of forest was increased resulting in an expected increase in
habitat for the Red-tailed Hawk (Tables 4.19 & 4.20). With minimal loss of shrub and
grass patch, habitat for the Song Sparrow and Variegated Fritillary was minimally
impacted in the Red-tailed Hawk scenario. Additionally, the decrease in the number of
patches (NP) in both the forest and grass classes and increase in percentage of land
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composed of forest suggests a higher level of connectivity in the landscape (Table 4.19).
This is echoed by the increase in CONNECT and COHESION values for both forest and
grass classes in the Fenway district (Table 4.19). However, the CONNECT value for the
forest class and the COHESION value for the grass class decreased in the Mission Hill
district (Table 4.20).
From the Red-tailed Hawk scenario landscape level analysis of both districts, it is
evident that both the NP and CONTAG values decreased (Tables 4.21 & 4.22). This
decrease in both values shows that the number of patches dropped but the aggregation of
patches increased due to the creation of new larger patches throughout the districts.
Fenway existing to Red-tailed Hawk Scenario class level change
PD
CONNECT COHESION
Type PLAND NP
0.3235
0.8034
Forest 5.7188 -224 -149.519
1.4602
0.8022
Grass -0.836 -164 -109.482
0
-0.0008
0
-0.2352
Shrub -.0001
Table 4.19 - Fenway existing to Red-tailed Hawk Scenario class level change
Mission Hill existing to Red-tailed Hawk Scenario class level
change
PLAND NP
PD
CONNECT COHESION
TYPE
4.5933 -325 -204.49
-0.8872
1.3972
Forest
-2.032
-79 -49.708
0.4001
-7.3255
Grass
-0.180
-3
-1.887
1.395
0.0835
Shrub
Table 4.20 - Mission Hill existing to Red-tailed Hawk Scenario class level change
Fenway existing to Red-tailed Hawk Scenario landscape level
change
NP
PD
CONTAG CONNECT COHESION
PRD
-175 -116.843
6.5241
1.5481
2.8932
0.6673
Table 4.21 - Fenway existing to Red-tailed Hawk Scenario landscape level change
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Mission Hill existing to Red-tailed Hawk Scenario landscape level
change
NP
PD
CONTAG CONNECT COHESION PRD
-266
-167.37
2.5159
-0.3474
7.2937
0.6292
Table 4.22 – Mission Hill existing to Red-tailed Hawk Scenario landscape level
change
As evident from the analysis of the Song Sparrow scenario for the Fenway and
Mission Hill districts the focal shrub class saw an increase in PLAND and NP values
(Tables 4.23 & 4.24). The increase of both of these values for the shrub class is due to
the limited nature of the class within the existing landscape and the creation of new
patches in the Song Sparrow scenario (Tables 4.23 & 4.24). The increase in the NP value
for the forest and shrub classes and decrease in PLAND value is evidence of the
increased fragmentation of these classes due to the conversion of patches to the shrub
class and the creation of new shrub patches (Tables 4.23 & 4.24). Unlike the Red-tailed
Hawk scenario, the drop in PLAND value and the increase in NP value for the forest and
grass classes suggest this scenario would negatively impact the Red-tailed Hawk and
Variegated Fritillary.
The landscape level analysis of the second scenario for both districts shows an
increase in NP values consistent with the class level analysis (Tables 4.25 & 4.26). The
increase in landscape level CONTAG value suggests that even with the increased number
of patches and fragmentation of the forest and grass class the overall landscape is more
densely aggregated (Tables 4.25 & 4.26). The denser clustering of patches shown by the
increase in CONTAG value is reinforced by the increase in CONNECT and COHESION
values for both districts (Tables 4.25 & 4.26). The overall COHESION of the landscape
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is different from the COHESION at the class level because it counts all patches within
the three classes together instead of individually.
Fenway existing to Song Sparrow Scenario class level
change
PLAND NP
PD
CONNECT COHESION
Type
-0.0239
-1.2873
Forest -1.4542 45 30.0144
0.1294
-5.7285
Grass -0.4925 74 49.3618
-9.5721
0.5552
Shrub 2.4576 10 6.6733
Table 4.23 - Fenway existing to Song Sparrow Scenario class level change
Mission Hill existing to Song Sparrow Scenario class level
change
PD
CONNECT COHESION
TYPE PLAND NP
Forest -0.319
9
5.663
-0.1208
-0.4692
Grass -0.858
71 44.674
0.2728
-5.4284
Shrub 1.2899
14 8.8091
5.1846
1.6162
Table 4.24 - Mission Hill existing to Song Sparrow Scenario class level change
Fenway existing to Song Sparrow Scenario landscape level
change
NP
PD
CONTAG CONNECT COHESION PRD
309 206.1838
5.8303
0.1864
2.7295
0.6673
Table 4.25 - Fenway existing to Song Sparrow Scenario landscape level change
Mission Hill existing to Song Sparrow Scenario landscape
level change
NP
PD
CONTAG CONNECT COHESION PRD
237 149.1246
0.4004
0.0382
7.249
0.6292
Table 4.26 – Mission Hill existing to Song Sparrow Scenario landscape level change
The Variegated Fritillary scenario shows a decrease in the NP value for the grass
class (focal class for the Variegated Fritillary scenario), while the PLAND value
increased (Tables 4.27 & 4.28). As discussed earlier, this shows the reduced
fragmentation of the landscape from the creation of new patches and the connection of
existing isolated patches. Also noticeable from the class level analysis is the increase in
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the NP value for forest class patches in both scenarios and a decrease in the PLAND
values suggesting an increase in forest patch fragmentation and reduction in total
coverage (Tables 4.27 & 4.28). Not surprisingly there is also a decrease in the
CONNECT and COHESION values for the forest class (Tables 4.27 & 4.28). Somewhat
surprising is the drop in CONNECT values in both districts for the grass class due most
likely to the creation of new grass patches in areas isolated from existing patches (Tables
4.27 & 4.28). Similar to the Song Sparrow scenario the decrease in the PLAND value
and increase in NP value suggests that this scenario would negatively impact the Redtailed Hawk.
In both districts at the landscape level there was an increase in the NP value
suggesting increased fragmentation (Tables 4.29 & 4.30). This increased fragmentation
is supported by the decrease in CONNECT value but somewhat offset by the increase in
COHESION values for both districts (Tables 4.29 & 4.30). The increase in CONTAG
values for both scenarios suggests increased aggregation of the landscape resulting from
the creation of new large patches in close proximity to the existing patches (Tables 4.29
& 4.30).
Fenway existing to Variegated Fritillary Scenario class level
change
PD
CONNECT COHESION
Type PLAND NP
66
44.03
-0.1747
-1.6291
Forest -2.328
-0.9455
15.7109
Grass 2.6377 -130 -86.79
-1
-0.668
-0.4762
-0.0218
Shrub 0.0433
Table 4.27 - Fenway existing to Variegated Fritillary Scenario class level change
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Mission Hill existing to Variegated Fritillary Scenario class
level change
PD
CONNECT COHESION
TYPE PLAND NP
Forest -0.597
6
3.775
-0.0447
-0.51
Grass 1.0476
-38 -23.91
-0.0511
1.0611
Shrub -0.004
0
0
0
-0.2257
Table 4.28 - Mission Hill existing to Variegated Fritillary Scenario class level change
Fenway existing to Variegated Fritillary Scenario landscape
level change
NP
PD
CONTAG CONNECT COHESION PRD
112 74.7036
6.464
-0.6603
2.7759
0.6673
Table 4.29 - Fenway existing to Variegated Fritillary Scenario landscape level
change
Mission Hill existing to Variegated Fritillary Scenario
landscape level change
NP
PD
CONTAG CONNECT COHESION PRD
105 66.0678
1.0021
-0.0117
7.2587
0.6292
Table 4.30 – Mission Hill existing to Variegated Fritillary Scenario landscape level
change

Scenario Rating
In addition to the comparison of the scenarios based on the metric outputs from the
FRAGSTATS analysis a method of rating the scenarios was developed. The rating of the
existing and proposed green infrastructure scenarios is based on the assessment of their
ability to support or increase urban biodiversity for each of the three target species in the
Fenway and Mission Hill districts. Development of an index to weigh the values of the
existing and proposed scenarios focuses on the metric outputs of the analysis. The
specified weight for each landscape metric used in the study is determined by the habitat
requirements of the target species, and the association of the metric to these requirements.
For example, the three species are all highly mobile, therefore, connectivity is weighted
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lower than metrics associated with habitat quality such as the percentage of the landscape
comprised of each cover class type.
Several steps were necessary to rank the existing and proposed scenarios for their
ability to support or increase urban biodiversity for target species. First, the class and
landscape level output values are combined into a single Excel file by district, leaving
room for the addition of information such as the weight values for each metric. Next, the
output values for each metric should be normalized to a scale of 0-1. Some metrics
outputs will already be in this scale range while others will need conversion. For
converting the output values, the highest empirically observed value should be used as
the base and the value for each metric should be divided by this base. This will
normalize the value to a percentage value from 0-1. For example, the PLAND output is
on a scale of 0-100 and needs to be changed to 0-1, however, there are three classes so we
cannot simply divide the numbers by 100. Instead, the highest PLAND value for each
class will act as the base that the value for each scenario will be divided by. This will set
the individual class values on a scale of 0-1.
Once all class level metrics for a scenario have been normalized the weight of each
metric is determined. The weight of the metric is based on its relation to measures of
landscape structure critical to the support or increase of the target species and the sum of
the weight values must equal 1. The highest weighted class level metrics in the study
receiving a weight value of .2 were PLAND and NP for their ability to measure both
composition and fragmentation at the class level (Table 4.31). The landscape level
metric CONTAG also received a value of .2 due to its measure of aggregation of the
patches within the landscape (Table 4.31). The metrics CONNECT and COHESION
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both received a .1 value at the class level for their ability to measure the connectedness
and physical joining of patches within a certain class (Table 4.31). At the landscape
level, CONNECT and COHESION were given a value of 0.05 since they do not
distinguish between patches of different class types (Table 4.31).
Metric

Weight

Level

PLAND

0.2

class

NP

0.2

class

CONNECT

0.1

class

COHESION

0.1

class

PD

0.1

class

CONTAG

0.2

land

CONNECT

0.05

land

COHESION

0.05

land

AREA

N/A

patch

SHAPE

N/A

patch

PROX

N/A

patch

ENN

N/A

patch

ECON

N/A

patch

CONTIG

N/A

patch

Reasoning for weight
Fundamental measure of
landscape composition
Fundamental measure of
landscape fragmentation
Measure of functional joining
between patches in a class
Measure of patch type physical
connectedness
Fundamental aspect of
landscape pattern
Measure of class occupation of
the landscape
Measure of functional joining
between all evaluated patches
Measure of the physical
connectedness of the landscape
Patch level metric data not
available for rating
Patch level metric data not
available for rating
Patch level metric data not
available for rating
Patch level metric data not
available for rating
Patch level metric data not
available for rating
Patch level metric data not
available for rating

Table 4.31 - Metric weight determination
Once weight values are determined they can be used in combination with the
normalized values. The normalized values for each class are multiplied by the weight
136

value for that metric to give the final weighted metric output value. The sum of the
values for all metrics within a class gives the class level cover class value. The cover
class values for the district are then combined and divided by 3 (forest, shrub, grass) to
give the mean value of the scenario for the class level analysis.
The landscape level outputs are also normalized, but since the measures are for the
entire landscape there is no need to determine a mean value once the sum of the values is
calculated. The next step is the combination of the class level and landscape level values
for the scenario rating by district. This allows the user to determine which scenario is
most beneficial for each district assuming each of the species are equal. In the next step,
the values of the Fenway and Mission Hill districts are added together and divided by 2 to
give an overall value to existing or proposed scenario (Table 4.32). Comparison of the
ratings for the combine districts and the individual districts provides an additional way of
determining the scenario used for increasing urban biodiversity.

Mission Hill Scenario
Ratings
Existing

0.8973

Red-tailed
0.9189
Hawk
Song
0.9179
Sparrow
Variegated
0.9111
Fritillary

Fenway Scenario
Ratings
Existing

0.7952

Red-tailed
0.8516
Hawk
Song
0.6564
Sparrow
Variegated
0.8366
Fritillary

Combined Scenario Values
Existing

1.6925 84.62%

Red-tailed
1.7705 88.53%
Hawk
Song
1.5743 78.72%
Sparrow
Variegated
1.7477 87.38%
Fritillary

Table 4.32 - Scenario ratings
For instance, the highest rated scenario for this study overall and in both districts was
the Red-tailed Hawk scenario, which focused on the increase in tree canopy. The second
highest rated scenario overall was the Song Sparrow. However, the Song Sparrow
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scenario was the second highest rated for the Mission Hill district and the Variegated
Fritillary scenario was the second highest rated for the Fenway district. This change in
ratings from the overall to the district specific shows that focusing only on the overall
value would result in using a lower ranked scenario if the Song Sparrow scenario was
used for the Fenway district.
As described above, the steps necessary for the rating of the existing and the proposed
scenarios are listed below and illustrated in Figure (4.34).
1. Combine all class and landscape level metric values into a single excel file by
district.
2. Normalize values (set all metrics to same scale so they can be added together).
Metrics not on a normalized scale of 0-1 will need to be converted by dividing
metric output by highest overall metric output for that category among
scenarios in that district. This will need done again for the other district and
for each individual metric.
3. Determine metric weight (sum of all metric weights equals 1)(this creates a
percentage value for the scenario)
4. Multiply normalized value by metric weight value (for Class level, since there
are 3 forest, shrub, & grass, will need to be summed and then divided by 3 to
determine mean value) (Landscape level will have only 1 value per scenario)
5. Sum value of Class and Landscape levels for existing and each scenario to
determine value for each scenario by district out of 100
6. Sum value of both districts for each scenario then divide by 2 to determine
overall value of each scenario out of 100
7. Compare values of scenario for each district and combined value (for the
existing and proposed scenarios the value for the Red-tailed Hawk scenario
was highest in both districts and overall, but Song Sparrow scenario was
second highest for Mission Hill and existing was second highest for Fenway.
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Fig. 4.34 – Scenario ranking diagram

CHAPTER 5
SUMMARY
Benefits/contributions of the study
This study advocates for an increased assessment and analysis of species use and
habitat in urban environments prior to, during, and after the development of green
infrastructure. The majority of data regarding species use and habitat focuses on
“natural” areas with limited data available on species requirements in urban
environments. Calling attention to this limited amount of information regarding the use
of green infrastructure by species and on species dispersal and habitation in urban
environments is an unintended, but important finding of the study. This study also calls
attention to the lack of both post-implementation monitoring and assessment of green
infrastructure projects. Monitoring green infrastructure requires cross-disciplinary work
between landscape architects and landscape ecologists; this would help to strengthen the
relationship and understanding between the fields.
The original contribution of this study was the synthesis of previous research into a
single method for assessing green infrastructure’s ability to increase the abundance of
target species, and by extension, biodiversity. Previous studies have focused on
individual pieces used in the assessment method and not on the connection of these into a
single focus. Leitao & Ahern, and Schindler have all looked at the use of landscape
metrics, but did not connect them to the selection of target species or their use for
measuring proposed scenarios ability to increase abundance of these target species.
Likewise, FRAGSTATS spatial analysis has been used for measuring numerous spatial
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phenomenon but has never been connected to a full method for assessing design and
planning proposals.
An additional benefit of the study is the insight the study provides for the city of
Boston and also for urban planners and designers. The assessment of the studies and the
two neighborhood planning districts provides information on both the ability of these
scenarios to increase potential abundance of the target species and the amount of tree
canopy cover needed to achieve these scenarios. For instance, by measuring the area
covered by the new tree canopy proposed in the neighborhoods we can determine the
number of trees needed to create these scenarios. In the Fenway neighborhood,
implementing the Red-tailed Hawk scenario would require the planting of 7,600 new
trees in order to achieve the tree canopy cover shown in the scenario. This would
account for 7.6% of the 100,000 trees Boston is currently planning on planting. The
study not only provides the city of Boston with the number of trees required to create
these conditions but also recommendations on where to plant these trees for the largest
impact.
In the case of the Fenway district, the largest impact is from the increase in tree
canopy creating stepping-stone patches, that connect and expand larger contiguous
patches. For the Mission Hill neighborhood, which does not contain the large habitat
patches found in the Fenway neighborhood the addition of street trees will have an
impact on biodiversity but it is likely that the impact will be lower. That is not to say that
the increase in canopy cover in any of the cover classes would not be worthwhile in any
neighborhood, instead that the focus should first be on the connection and expansion of
existing habitat patches.
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For neighborhoods like Mission Hill that do not contain large existing patches and
have limited room for creation of new large patches the focus should be on the increase
of street trees and the creation of new small patches. These small patches can act as small
habitat for species with small habitat requirements and as stepping stones for connecting
larger patches outside the neighborhood. The context in which the neighborhood is
located should be taken into account when determining the proper focus for
implementing green infrastructure. In instances where there are large patches in close
proximity to the neighborhood the most successful development of green infrastructure
within the neighborhood maybe the creation of unique patches not found in these larger
areas.
Of the three proposed scenarios, the easiest to accomplish would be the Red-tailed
Hawk scenario. The scenario focuses on the increase of tree canopy cover, which is
easier to achieve in urban environments than the increase of either the shrub or grass
classes. Additionally, trees are heavily used in urban environments and many cities
including the city of Boston have plans in place to increase their overall tree canopy
cover. The increase of grass areas in urban environments is somewhat problematic since
many open areas are already partially or entirely covered with grass. The increase of
shrubs can be the most difficult in urban environments. While trees can be planted to
overhang sidewalk and parking lot areas shrubs are limited to areas not otherwise used.
Additionally, there is often resistance to the use of shrubs in urban environments because
they may require additional maintenance and can block pedestrian circulation.
The use of the individual target species as the basis for the scenarios is by no means
the only method for their creation. The single species approach was used in this study for
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its ease of use in assessing the ability of green infrastructure to increase the species
abundance based on known requirements of the individual species. The single species
approach serves as a good starting point for assessment that can then evolve to
incorporate the habitat needs of multiple species that would have a greater overarching
effect for increasing urban biodiversity.
Remaining steps of process not addressed
Due to time constraints, the study was only taken to the stage of developing and
assessing the proposed green infrastructure scenarios. However, to illustrate the entire
process the stages of the framework not addressed in the thesis are described: the design
of a composite scenario, spatial assessment of the composite scenario, design of a revised
green infrastructure scenario, spatial assessment of the revised scenario, design of an
adaptive green infrastructure plan, monitoring and adjustment based on the target species,
and a reevaluation of the biodiversity goals. These stages are described to provide
information on the full framework and to address the issues associated with each step of
the process. The assessment framework was developed to be used as a single process but
the following steps can be addressed as needed by the user.
Design composite green infrastructure scenario - The design of the composite
green infrastructure scenario is based on the analysis of the existing green infrastructure
and the proposed scenarios. The composite scenario uses a combination of elements
from previously designed scenarios that were determined to have positive effect on the
potential increase of urban biodiversity. This assessment can then be used as the basis for
the creation of the revised scenario in the next step.
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Spatial assessment of composite scenario - The spatial assessment of the composite
scenario requires the same steps as the previous assessments and should be conducted
using the same metrics, class properties file, and contrast weights in order for it to be
compared to the previously assessed scenarios and the existing green infrastructure. If
any of the user-defined variables are changed for the FRAGSTATS analysis then the
comparison of the data will be flawed.
Design revised green infrastructure scenario - The design of the revised green
infrastructure scenario should be based on all previously designed scenarios and should
take into account elements that were found to either increase or decrease the potential for
increasing urban biodiversity. By this stage of the process, the changes to the scenario
should be minimal.
Spatial assessment of revised scenario - Once again, the assessment of the revised
scenario requires the same steps as the previous assessments and should be conducted
using the same metrics, class properties file, and contrast weights in order for it to be
compared to the previously assessed scenarios and the existing green infrastructure.
Changing any of the user-defined variables for the FRAGSTATS analysis will result in a
flawed comparison of the data.
Design adaptive green infrastructure plan - The final design step of the process is
the creation of an adaptive green infrastructure plan for the study areas based on all
previous scenarios and assessments. The adaptive plan allows for changes in the design
based on monitoring during and post construction and is a structured approach that links
science to the decision-making process in order to improve the probability of success.
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The use of an adaptive plan provides a means of dealing with risk and uncertainty within
biodiversity planning. By encouraging flexible designs and plans adaptive green
infrastructure plans account for uncertainty by providing options for adjustment based on
future conditions.
Monitoring & adjustment - Monitoring of the adaptive management plan should be
conducted before, during, and after its development. A lag time should be expected
between the development of the proposed habitat designed in the adaptive management
plan and the colonization of the green infrastructure by the target species. Monitoring
this lag time will help determine the amount of time between development and use by the
species.
Reevaluate biodiversity goals - Reevaluation of the biodiversity goals is possible at
any stage of the assessment. It is highly recommended that after the final stage of the
process the user conduct a reevaluation of the biodiversity goals. In some instances, the
biodiversity goals will need to be adjusted, in which case new target species may need to
be selected and the process of assessment will need to be redone. Depending on the
changes that have occurred within the study area during the time between the original
assessment and the redevelopment of the biodiversity goals, the reevaluation of the
potential for green infrastructure implementation may not be necessary.
Limitations of the study
There were several limitations to the assessment conducted using GIS data and the
spatial analysis program FRAGSTATS. The GIS data for the assessment base used an
interpolation of a 4 category (water, impervious, forest, grass) land cover analysis based
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on aerial photography at a 1 meter resolution. While this data was a much finer
resolution than other available land cover data it had not been ground-proofed at the time
of the analysis. There were several noticeable instances in which the land cover data was
incorrect, primarily regarding the water category. However, the finer resolution of the
data allowed for a more thorough determination of habitat availability and quality in
comparison to the 30m and 50m resolution land cover data that failed to show any
significant habitat within the neighborhood planning districts. The ground-proofing of
the 1 meter land cover data would likely alter the outcome of the assessment due to the
inclusion of additional areas of potential habitat and loss of other areas that are currently
considered potential habitat.
It is also important to recognize in any study, that all maps are human constructs –
and are representations of reality based on a particular perspective (and scale) – and are
always derived from incomplete and/or imperfect data. It was not within the capacity of
this study to conduct an accuracy assessment of the data used.
The creation of continuous canopy in urban environments requires an increase in the
number of street trees, something that Boston and many other North American cities are
already implementing. The city of Boston’s plan to plant 100,000 street trees would be a
large step in the right direction. This increase in street trees provides both habitat patches
and patches that can act as stepping stones between larger patches of higher habitat
quality. To maximize the potential of the planting of new street trees the additional
creation of vegetative structural diversity in these areas would further increase the
benefits to biodiversity.
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As well as limitation regarding data used for the analysis, the abundance of userdefined variables creates a significant margin for error. The determination of the
biodiversity goals and selected target species can both influence the determination of the
outcome. There has been concern over the use of target species as the basis for
development, since planning for one species may result in negative impacts for another.
Minimizing negative impacts on other species requires monitoring during the
development process and post-development. This should occur with any development,
but unfortunately it currently does not. The selection of target species should be based on
the criteria listed in the Methodology section to minimize the use of species that will
either be of little use as an indicator species or have limited information regarding habitat
requirements and use. Additionally, the user-defined minimum patch sizes, dispersal
distances, and weighted contrast between land cover types creates a considerable margin
for error or discrepancy if the study was reproduced using different variables. The
weighted contrast variables are highly dependent on species use, biodiversity goals, and
the user’s determination of land cover value. By using habitat association from previous
studies this margin for error is reduced but can never be truly removed. Lack of species
data and the fact that the presence of a particular habitat does not ensure its use by a
particular species are limitations with habitat association. However, understanding that
there will be a margin for error in the assessment provides additional reasoning for the
use of an adaptive versus final development plan that is incapable of adapting to changes
that may be needed based on post-occupancy monitoring. And this process can verify or
change the target species recommended for future studies.
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Need for further research
One of the problems facing landscape architects and landscape ecologists is the
current trend of parcel-by-parcel development without addressing the larger context.
Another issue is the mindset that the urban environment is not suitable habitat for many
species and is therefore not worth addressing. While the urban environment does not
provide suitable habitat for many species there are numerous species that survive and
even thrive in urban environments provided suitable habitat is available. The provision
of suitable habitat in many instances can be as simple as allowing forested areas within
parks to remain overgrown or to reduce maintenance on areas such as tall grass meadows
that often are not utilized by humans anyway.
The provision and improvement of habitat in urban environments can be as simple as
changing levels of vertical structure, introducing new vegetation to achieve continuous
canopy cover, and creating grassland or shrub areas in the city. The introduction of
vertical structure maybe the easiest of these recommendations to implement since it does
not require the creation of new habitat areas and instead adds structural diversity to
existing areas. By adding multiple layers of vegetative structure such as shrub and grass
layers to areas that are already planted with street trees can improve habitat quality. In
urban environments, there is often tree canopy cover and grass cover with limited
structural diversity in between. The current lack of vegetation structure in urban
environments is one of the largest impairments to habitat quality.
As stated previously there is a limited amount of information regarding the use of
green infrastructure by species and also on species dispersal and habitation in urban
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environments. A stronger collaboration between landscape architecture and landscape
ecology in urban environments would help to address some of the gaps in current
research. There needs to be additional work focused on the built environment and its use
by particular species, especially considering the current rural-to-urban migration in many
regions worldwide and the expanding world population.
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APPENDIX
METRIC DEFINITIONS AND EXAMPLES
Patch size and patch density
Patch size and patch density are a group of metrics dealing with the size and number
of patches. The information measured by these metrics is the basis for many of the other
metrics at the patch, class, and landscape levels. The patch size and patch density metrics
have ecological utility by themselves. Species richness, occurrence, and abundance of
some species are strongly correlated with individual patch size (Cook, 2002).
Patch Area (AREA) (P) – AREA measures the size of discrete patches in hectares
(ha) (Table App.1). The AREA metric is a measure of the size of an individual patch in
m² divided by 10,000 (to convert to hectares). The patch level metric, AREA, measures
the composition of habitat structure within the study areas. Since larger patches support
higher levels of diversity, the use of the AREA metric is beneficial for the study of urban
biodiversity (Cook, 2002).
Patch
1
2
3
4

AREA
0
0.0001
0
0.0001

Table App.1 - AREA metric output (hectares of the individual patch)
Number of patches (NP) (C) – NP is the simple measure of the number of patches of
a particular land cover class within a landscape (Fig. App.2). NP is the fundamental
measure of the extent of subdivision and fragmentation of the land cover class. While NP
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can be a valuable measure for certain ecological processes, it has limited interpretive
value by itself since it provides no information regarding the area, distribution, or density
of patches within that class. The NP metric when used in combination with additional
metrics such as PLAND and ENN overcomes this issue. If the area of the total landscape
and class remain constant then the NP metric conveys the same information as additional
metrics not covered in this study. Possibly the most valuable use of NP is the basis for
computing other metrics. It should be noted that the selection of either the 4-neighbor or
the 8-neighbor rule in FRAGSTATS will affect the NP metrics delineation of patches.
The 4-neighbor rule will only consider habitat those cells directly bordering along a side
another cell of habitat. The 8-neighbor rule will consider cells that touch at the corner
and don’t share a side habitat.
Note: the choice of the 4-neighbor or 8-neighbor rule for delineating patches will
have an impact on this metric.
Land Cover Class
Forest
Grass
Shrub

NP
1197
858
605

Table App.2 - NP metric output (# of patches)
Percentage of landscape (PLAND) (C) – CAP is the measurement of the proportion
of the landscape comprised of a particular patch type (Table App.3). PLAND is a class
level metric. When computed separately for each land cover types it is a class level
metric, when used as an aggregate for all land cover types it can provide the basic
information used to compute the evenness of the landscape (McGarigal, 1995).
Landscape evenness is an important component when measuring landscape diversity, the
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greater the measure of evenness the greater the implied landscape diversity (Botequilha
Leitão, 2006). Evenness is the structural component of diversity. The compositional
component, richness (number of patch types), is measured using (PR) the Patch Richness
metric (McGarigal, 1995).
TYPE
Grass
Forest
Shrub

PLAND
12.231
18.971
5.7853

Table App.3 - PLAND metric output (% of landscape)
Shape, edge, and contrast
Patch shape, edge, and contrast are determinants of the distance of the patch’s
edge to the interior of the habitat and the amount of remaining core area in a habitat
patch. The shape of the patch determines the ratio of edge to interior, which in general
should be low to minimize the edge effect (Wilcove et al., 1986, Saunders et al. 1991,
Collinge 1996). Buffering core habitat from outside pressures minimizes the edge effect.
Thin remnant patches will often have a high edge to interior ratio, however, circular
habitats are ideal for the reduction of the edge to interior ratio (Forman and Godron 1981;
Wilcove et al., 1986; Saunders et al. 1991; Environmental Law Institute, 2003). The total
amount of edge in a landscape is ecologically important. One of the most dramatic
consequences of habitat fragmentation is an increase in the proportional abundance of
edge-influenced habitat, which has an adverse impact on interior sensitive species. This
group of metrics measures geometric complexity at patch, class, and landscape levels and
most of the metrics use a perimeter-area relationship for the basis of their measurement.
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Edge density (ED) (C) – The landscape metric edge density (ED) measures the total
length of edge per unit area within the study area (Table App.4). The standardization of
edge to a per unit basis allows for the comparison among landscapes regardless of their
size. However, when measuring landscapes of identical size, ED and the landscape
metric total edge (EDGE) are redundant. Resolution affects the edge indices of the image
under analysis. The finer the resolution used in the analysis generally the higher the edge
length (McGarigal, 2000). In addition, at finer resolution edges may appear as highly
complex while at coarser resolutions they appear as simple straight lines (McGarigal,
2000). Values calculated using the ED metric should not be compared with other images
at different resolutions.
The edge density of a patch can affect the dispersal ability of wildlife especially in
situations where the contrast between the patch and the surrounding landscape matrix is
high. The higher the contrast between the patch and the surrounding landscape the
greater the edge effect (Franklin, 1993; Environmental Law Institute, 2003).
TYPE
Forest
Grass
Shrub

ED
327.9483
339.8405
44.9261

Table App.4 - ED metric output (edge length/area)
Shape index (SHAPE) (P) – SHAPE is a measure of the geometric complexity of a
patch. The output (Table App.5) equals 1 when all patches are circular, and increases
with the complexity of patch shape, independent of patch size. SHAPE is a measure of
landscape configuration. It is crucial when using the SHAPE metric to use data of the
same format (vector or raster) and of the same resolution. Using the SHAPE file to
153

measure landscapes of different formats or different spatial resolutions can result in
skewed information when comparing different landscapes. It is also important that when
using the SHAPE metric the size of the patches under examination differ from the
minimum grid cell being used for the measurement. If too similar, the resulting data will
be biased. Additionally, SHAPE is a measure of complexity and not patch morphology;
it can be used for the comparison of patch shape complexity between two landscapes but
cannot provide the user with information regarding the distribution of the patches.
Determining the edge effect of the patch is the primary ecological use of patch shape,
which has implications for interior-sensitive species. The use of the output of the
SHAPE metric (Table App.5) in combination with metrics such as AREA and ECON
provides a better understanding of the relationship of the core of the patch and the length
of the patch perimeter and its adjacent land cover types.
Patch SHAPE
1
1
2
1.2857
3
1
4
1.4286
Table App.5 - SHAPE metric output (Shape =1 when patches are circular, increases
when more complex
Contiguity index (CONTIG) (P) – CONTIG is a measure of connectedness within
the landscape study area (Table App.6). CONTIG is a method of assessing patch shape
based on the spatial connectedness or contiguity of cells within a specific patch. Large
contiguity index values result from larger contiguous patches. The measurement for
CONTIG equals 0 for a one-pixel patch and approaches 1 as patch contiguity or
connectedness increases.
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Patch
1
2
3
4

CONTIG
0.1667
0.4833
0
0.4333

Table App.6 - CONTIG metric output (equals 0 when one-pixel patch, approaches 1
as patch contiguity & connectedness increases)
Edge contrast (ECON) (P) – ECON is the relative measure of edge contrast between
each adjacent pair-wise combinations of patch types (Table App.7). Weight ranges for
ECON range from 0-1 (Table App.8). A weight of 0 is for adjacent patches with no
contrast, while a weight of 1 would be for maximum contrast between adjacent patches.
ECON is a measure of contrast over the total edge of the patch regardless of the length of
the edge. ECON is a patch level metric but there are class and landscape level metrics for
measuring edge contrast as well. TECI (total edge contrast index) is a measure of
contrast for the landscape as a whole.
Patch ECON
1
4.0909
2
0.4348
3
1.6667
4
0.3823
Table App.7 - ECON metric output (0 = no contrast, 1 = maximum contrast)
Land Cover
Type
Water
Urban
Forest

Water

Urban

Forest

Grass

Shrub

0
1
0.75

1
0
1

0.75
1
0

0.75
1
0.25

0.5
1
0.25

Grass
Shrub

0.75
0.5

1
1

0.25
0.25

0
0.25

0.25
0

Table App.8 - Edge contrast weights (0 = no contrast, 1 = maximum contrast)
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Isolation, proximity, and connectedness
This group of metrics represents the spatial isolation of patches. Isolation relates
explicitly to spatial context and is not a measure of the spatial character of the patches.
The context in which patches are located may have a greater effect on the functions of a
patch than on the individual patches characteristics (Forman, 1995). Isolation of habitat
patches is a critical factor in the dynamics of metapopulations and community dynamics.
The distances between habitat patches and the characteristics of the matrix separating the
patches will heavily influence whether or not the patch is suitable for species survival
(Ruggiero et al. 1994, Andren, 1997). More connected habitat patches in close proximity
are more likely to enhance dispersal, persistence, and recolonization than isolated patches
(Fahrig and Merriam 1994; Environmental Law Institute, 2003).
Proximity index (PROX) (P) – PROX considers the size and proximity of all
patches with the same land cover type inside a specified search radius (Table App.9).
PROX is a unitless measure of patch isolation integrating information regarding the
distance between like patches and the size of the patches. PROX is a patch level metric
and a measure of landscape configuration. The PROX metric quantifies a habitat patch’s
spatial context in relation to its neighbors (McGarigal, 1995). The metric distinguishes
between habitat patches that are sparsely distributed and areas where habitat forms a
complex cluster of large habitat patches. The PROX metric measures both the degree to
which patches are isolated and the degree of fragmentation for the chosen patch type.
However, the PROX metric value is dimensionless and useful only for comparison of
multiple values.
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Patch
1
2
3

PROX
0.4595
1.1475
2.9386

Table App.9 - PROX metric output (unitless measure of spatial configuration and
size, larger numbers = more aggregated patches of a larger size)
Euclidian nearest neighbor distance (ENN) (P) – The ENN is the shortest
Euclidian distance (straight-line) from one patch edge to another patch edge of the same
land cover type (Table App.11). ENN can aid in assessing the connectivity of a
particular landscape in regard to the movement of wildlife between patches of the same
class. ENN does not take into account the contrast of the matrix between the patches of
the same land cover type or the distance to other complementary land cover types that
may also serve as a means of dispersal or connection. ENN provides a mean value,
which does not take into account non-normal distribution.
Patch
1
2
3

ENN
4.9869
0.6074
2.9258

Table App.10 - ENN metric output (straight line distance in meters from evaluated
patch to nearest patch in same class)
Patch Cohesion Index (COHESION) (C) – COHESION is a measure of the
physical connectedness of the focal land cover class (Table App.11). COHESION does
not take into account the importance of other land cover classes for connections through
the landscape, but is capable of bunching like land cover classes for analysis.
COHESION is a class level metric, at the landscape level its behavior has not been
evaluated.
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TYPE COHESION
Grass
98.6496
Forest
99.3475
Shrub
91.2932
Table App.11 - COHESION metric output (physical connectedness, higher numbers
are more physically connected)
Connectance index (CONNECT) (C&L) – The metric CONNECT is a
measurement of the percentage of patches of the same land cover class which are joined
inside a specified threshold distance (Tables App.12 & App.13). The CONNECT metric
only looks at whether a pair of patches within the same land cover class is connected or
not, based on user defined criteria such as the nearest neighbor distance. The threshold
distance for the CONNECT metric is based on Euclidian distance. CONNECT can be
measured at both the class and landscape level. The CONNECT metric can be used to
show abrupt changes in the connectivity of the landscape, such as those caused by habitat
fragmentation and loss. The abrupt change in connectivity in a landscape may interfere
with the dispersal success of an organism, fragmenting formerly widespread populations
into smaller isolated populations. This fragmentation may lead to a decline in patch
occupancy. An abrupt fragmentation or disruption of connectivity may impair an
ecosystem’s ability to recover following disturbance, and recolonization of populations
preceding the disturbance may be impaired. The use of highly mobile species
necessitates using metrics such as landscape connectivity for determining habitat quality
based on habitat connectivity rather than the classical measurements of species dispersal
ability. The basis for the use of the CONNECT metric for habitat quality measurement is
due to the high mobility of the target species and their use of features such as greenways
and corridors primarily for habitat rather than species dispersal.
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TYPE CONNECT
Grass
18.0771
Forest
17.3445
Table App.12 - CONNECT class level metric output (% of patches of same class
spatially joined within specified threshold distance, larger number = more highly
aggregated class)
Study Area
Mission Hill

CONNECT
17.9806

Table App.13 - CONNECT landscape level metric output (% of patches of all
evaluated classes spatially joined within specified threshold distance, larger number
= more highly aggregated landscape)
Contagion/interspersion
This group of metrics describes the degree of aggregation or clumping of patches
within the landscape. Aggregation is a fundamental aspect of landscape pattern that
affects many ecological processes including species dispersal and population persistence.
Habitat fragmentation and subdivision involves the disaggregation of contiguous habitat
patches into disjunct patches. As habitat fragmentation and disaggregation increases,
habitat contagion decreases (Saunders et al., 1991). The isolation of populations by
habitat fragmentation can lead to reduced dispersal ability, and a reduced probability of
species persistence. Aggregation of habitat patches within the landscape is related to
edge effects that influence interior-sensitive and edge species as well as ecosystem
integrity. Along with contagion, interspersion affects the quality of habitat for species
requiring different habitat patch types for different life-cycle requirements. Wildlife
management often focuses on maximizing habitat interspersion since it is thought that the
presence of differing habitat types will increase species diversity. Patch types that are
highly disaggregated may be more resilient, since they are resistant to some disturbances
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such as fire and disease, but they are more likely to suffer higher rates of some
disturbances such as wind throws.
Contagion index (CONTAG) (L) – The landscape metric CONTAG is a measure of
the aggregation or clumpiness of the land cover classes (Table App.14). CONTAG
measures both the interspersion of patch types (mixing of patch types) and patch
dispersion (spatial distribution of a single patch type) (McGarigal, 1995). In general, a
landscape with patch types that are well interspersed will have a lower measure of
contagion than one with patch types that are poorly interspersed (McGarigal, 1995). In
addition, landscapes with a few large patches will often have higher values of contagion,
while landscapes with many small dispersed patches will have lower contagion values.
According to McGarigal (1995), a landscape in which the patch types are clumped into
large, contiguous patches will have a higher level of contagion than a landscape with
many small fragmented patches (McGarigal, 1995). The metric CONTAG is a measure
of landscape configuration.
Study Area
Mission Hill

CONTAG
36.2271

Table App.14 - CONTAG metric output (measure of patch aggregation and mixing
for all classes in the landscape, lower number = well interspersed, higher = poor
interspersion)
Diversity of habitats
Metrics in this group describe the compositional makeup of the landscape. These
metrics are compositional and deal exclusively with the number and area of patch classes
only at the landscape level. While these metrics express no information regarding the
spatial configuration of the landscape, they do provide critical information about its
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composition. The metrics also do not take into account the habitat potential or
importance of the individual patch types. The landscape may show high levels of
diversity in relation to patch classes, but may be entirely comprised of patch classes that
are undesirable. Likewise, a landscape may show low overall diversity of patch classes
but be composed of high quality, rare, or highly dispersed patch classes. Even with the
limitations regarding diversity metrics use, they are considered a critical measure of
landscape structure, since biodiversity is generally understood to be at least partly a
function of landscape diversity. This is due partly to the fact that many organisms are
commonly associated with a single patch type. Landscape diversity is also commonly
considered a highly contributing factor to landscape resilience.
Patch richness (PR) (L) – PR is a measure of the number of different patch types in
the area (Table App.15). As stated above, landscape diversity is a crucial aspect relating
to biodiversity and landscape resilience, with landscapes of higher diversity containing
higher biodiversity and more resilience. When used with additional metrics such as RPR,
the PR metric can help in understanding the overall potential of the landscape for
supporting higher levels of biodiversity.
Study Area
Mission Hill

PR
3

Table App.15 - PR metric output (# of classes evaluated that are present in the
landscape)
Relative patch richness (RPR) (L) – RPR is a measurement of the percentage of
present patch types of all categories (Table App.16). Similar to PR, RPR is a critical
measurement of landscape composition. RPR can help distinguish between landscapes
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with high levels of diversity but low levels of habitat availability, and those that contain
both high levels of diversity and habitat availability.
Study Area
Mission Hill

RPR
.33

Table App.16 - RPR metric output (% of possible classes under evaluation present
in the landscape)
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GLOSSARY
Biodiversity – Biodiversity has been defined in many ways but is generally considered
to mean variability of life (Savard, 2000). Biodiversity occurs at all levels of
organization including genetic, individual, community, species, and ecosystem levels
(Savard, 2000).
Configuration – A measure of landscape structure referring to the physical distribution
of patches in the landscape. Aspects of configuration such as contagion and isolation
are measures of the physical distribution of patches in relation to other patches,
boundaries, or other features. Aspects of configuration such as core area and shape
refer to the spatial character of a patch or group of patches (McGarigal & Marks,
1995)
Composition – A measure of landscape structure relating to the presence and amount of
each patch type in the landscape. Composition is not spatially explicit and provides
no information regarding the distribution of patches in the landscape. Composition
measures both the variety and abundance of patch types in the landscape. (McGarigal
& Marks, 1995)
Contagion – Contagion is a measure of both patch type interspersion (the intermixing of
different patch type units) and patch dispersion (the spatial distribution of a patch
type). Contagion is the measure of the extent to which patches are aggregated or
clumped in the landscape. Higher contagion values result from landscapes with a few
large, contiguous patches. Lower values are the result of a landscape with many
small dispersed patches. (McGarigal & Marks, 1995)
Choropleth map – A type of thematic map where colors or shades are used to reflect the
value of a mapped phenomenon or class of value. Choropleth maps are especially
useful in viewing geospatial relationships in data.
Ecological Network – The concept of ecological networks is a set of ecosystems of
similar type that are connected in a spatially coherent system based on ecological
processes (Opdam, 2006) and may be either single or multipurpose (Jongman, 1995;
Opdam, 2006). This networking strategy allows the spread of risks over a larger area
by linking isolated patches into a larger coherent system increasing resilience (Opdam
et al., 1995; Opdam, 2006).
Fragmentation – A disruption in physical continuity. A landscape-level process of
landscape change in reference to a specific habitat resulting from either natural or
anthropogenic causes.
FRAGSTATS – FRAGSTATS is a spatial pattern analysis program for quantifying
landscape structure based on a user defined subject and phenomenon. FRAGSTATS
quantifies the areal extent and spatial distribution of patches within a landscape; the
user must establish a sound basis for defining and scaling the landscape (including the
163

extent and grain of the landscape) and the scheme by which patches within the
landscape are classified and delineated. FRAGSTATS generates a variety of area
metrics, patch density, size and variability metrics, edge metrics, shape metrics, core
area metrics, diversity metrics, contagion and interspersion metrics, and nearest
neighbor metrics. (McGarigal & Marks, 1995)
Green Infrastructure – Green infrastructure is the collection of all natural and artificial
features comprising a connected and multi-functioning network of ecological
systems. Green infrastructure elements found within cities include parks,
playgrounds, community gardens, greenways/trails, street and parkland trees, public
plazas and landscapes, green roofs, unused abandoned land, and public/private land
used for recreation (Schilling & Logan, 2008).
Heterogeneity – Consisting of dissimilar structure or composition throughout (Merriam
& Webster, 1997).
Homogeneity– Consisting of the same uniform structure or composition throughout
(Merriam & Webster, 1997).
Landscape – A distinct, measurable unit with several interesting ecological
characteristics. The boundary between landscapes (which differ in geomorphology
and disturbance) is relatively distinct, particularly in vegetation structure (Forman,
1981).
Landscape Context – The regional setting in which a landscape is defined (McGarigal,
1995).
Landscape Metrics – Landscape metrics are a standard of mathematical measurement
that relates to configuration or composition of landscape elements. A statistical
measure of landscape structure (McGarigal, 1995; Li and Wu, 2004; Schindler et al.,
2008; Cushman et al., 2008).
Mosaic – A local assemblage of landscape elements linked together by strong interaction
(Hersberger,2004).
Matrix – “A landscape is composed typically of several types of landscape elements
(patches). Of these, the matrix is the most extensive and most connected landscape
element type and therefore plays the dominant role in the functioning of the
landscape” (Forman and Godron, 1986). From (McGarigal & Marks, 1995)
Patch – In simplest terms, patches are communities or species assemblages surrounded
by a matrix with a dissimilar community structure or composition (Forman, 1981).
Spatial Grain – The size of the individual units of observation. Defines the lower limits
of resolution of a study (McGarigal & Marks, 1995).
Spatial Extent – The area defining the population to be sampled. Defines the upper
limits of resolution of a study (McGarigal & Marks, 1995).
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Target Species – Species whose presence indicates a suitability of habitat conditions for
supporting additional species. The selection of target species is based on their ability
to support the assessment of habitat quality, under existing and alternative future
configurations.
Thematic Resolution – The resolution in environmental variation represented. In other
words, how finely the map classes resolve differences in the underlying environment
(McGarigal & Marks, 1995).

165

BIBLIOGRAPHY
Ahern, J., 2005. Integrating landscape architecture and landscape ecology: an
evolutionary and reciprocal process. Issues and Perspective in Landscape Ecology. J.
A. Wiens, Moss, M.R. , Cambridge Press: 311-319.
Ahern, J., 2007. Green Infrastructure: The Spatial Dimension. Cities of the Future
Towards Integrated Sustainable Water and Landscape Management. IWA
Publishing, London, UK.
Alberti, M., Marzluff, J., Shulenberger, E., Bradley, G., Ryan, C., Zumbrunnen, C..,
2003. Integrating humans into ecology: Opportunities and challenges for studying
urban ecosystems. Bioscience 53(12): 1169-79.
Alberti, M., 2005. The effects of urban patterns on ecosystem function. International
Regional Science Review, 28(2), 168-192.
Alvey, A. A., 2006. Promoting and preserving biodiversity in the urban forest. Urban
Forestry & Urban Greening 5(4): 195-201.
Andrén, H., 1994. Effects of habitat fragmentation on birds and mammals in landscapes
with different proportions of suitable habitat: a review. Oikos 71, 355–366.Angelstam
et al.,2003
Angold, P. G., Sadler, J.P., Hill M.O., Pullin, A., Rushton, S., Austin, K., Small, E.,
Wood, B., Wadsworth, R., Sanderson, R., Thompson, K., 2006. Biodiversity in urban
habitat patches. Urban Environmental Research in the UK: The Urban Regeneration
and the Environment (NERC URGENT) Programme and associated studies. 360(13): 196-204.
Bennett, G., 2004. Integrating Biodiversity Conservation and Sustainable Use. Lessons
Learned from Ecological Networks. IUCN, Gland, Switzerland, andCambridge, UK.
Beier, P., Noss, F.N., 1998. Do Corridors Provide Connectivity? Conservation Biology,
12 (5): 1241-1252
Botequilha Leitao, A., Miller, J., Ahern, J., McGarigal, K., 2006. Measuring Landscapes:
A Planner's Handbook. Washington D.C., Island Press.
Botequilha Leitão, A., Ahern, J., 2002. Applying landscape ecological concepts and
metrics in sustainable landscape planning. Landscape and Urban Planning 59(2): 6593.
Brudvig., 2009. "Landscape connectivity promotes plant biodiversity spillover into nontarget habitats." PNAS 106(23): 5.

166

Bryant, M. M., 2006. Urban landscape conservation and the role of ecological greenways
at local and metropolitan scales. Landscape and Urban Planning, 76 (1-4), 23-44.
Cassie, B., 2006. Variegated Fritillary, Euptoieta claudia (Cramer), 1775. Massachusetts
Butterfly Atlas 1986-1990. C. W. Leahy, B. Cassie, and R. K. Walton, Massachusetts
Audubon Society.
Chaneton, E.J., Facelli, J.M., 1991. Disturbance effects on plant community diversity:
spatial scales and dominance hierarchies. Vegetation 93: 143–155.
Colding, J., 2007. ‘Ecological land-use complementation’ for building resilience in urban
ecosystems. Landscape and Urban Planning, 81 (1-2), 46-55.
Cook, E.A., 1991. Urban landscape networks an ecological planning framework.
Landscape Restoration 16, 7–15.
Cook, E.A., van Lier, H.N., (Eds.), 1994. Landscape Planning and Ecological Networks.
Elsevier, Amsterdam, p. 354.
Cook, E. A., 2002. Landscape structure indices for assessing urban ecological networks.
Landscape and Urban Planning, 58(2-4), 269-280.
Costanza, R.., d’Arge, R., de Groot, R., Farberk, S., Grasso, M.,, Hannon, B., Limburg,
K., Naeem, S., O’Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M.
1997. The value of the world’s ecosystem services and natural capital. NATURE 387.
253260
Cushman, S. A., McGarigal, K., Neel, M. C., 2008. Parsimony in landscape metrics:
Strength, universality, and consistency. Ecological Indicators, 8(5), 691-703.
DeGraaf, R. M., Wentworth, J.M., 1986. "Avian guild structure and habitat associations
in suburban bird communities." Urban Ecology 9(3-4): 399-412.
Degraaf, R. M. a. R. D. D., 2001. New England Wildlife: Habitat, Natural History, and
Distribution. Hanover, NH, University Press of New England.
Duhme, F., Pauleit, S.,1998. "Some examples of different landscape systems and their
biodiversity potential." Landscape and Urban Planning 41(3-4): 249-261.
Environmental Law Institute, 2003. Conservation Thresholds for Land Use Planners.
Washington D.C.
Fahrig, L., Merriam, H.G., 1985. Habitat patch connectivity and population survival.
Ecology 66: 1762-1768.
Fahrig, L., Merriam, H.G., 1994. Conservation of fragmented populations. Conservation
Biology 8: 50-59.

167

Fahrig, L. 1997. "Relative Effects of Habitat Loss and Fragmentation on Population
Extinction." The Journal of Wildlife Management 61(3): 603-610.
Fischer, J., Lindenmayer, D.B., Manning, A.D., 2006. Biodiversity, ecosystem function,
and resilience: ten guiding principles for commodity production landscapes. Front.
Ecol. Environ. 4, 80–86.
Flink, C., Schwartz, L., Searns, R. 1993. Greenways: A Guide to Planning, Design, and
Development. Island Press, Washington D.C.
Forman, R. T. T., Godron, M., 1981. "Patches and structural components for a landscape
ecology." Bioscience 31: 733-740.
Forman, R. T. T., Godron, M., 1986. Landscape Ecology. New York, Wiley.
Forman, R.T.T. 1995. Land Mosaics – the Ecology of Landscapes and Regions.
Cambridge University Press, Cambridge.
Grimm, N. B., Grove, J.M., Pickett, S.T.A., Redman. C.L., 2000. Integrated approaches
to long-term studies of urban ecological systems. BioScience 50: 571-84.
Gustafson, E. 1998. Quantifying Landscape Spatial Pattern: What Is the State of the Art?
Ecosystems 1, 143-156
Haddad, N.M., Tewsbury, 2005. Low-quality habitat corridors as movement conduits for
two butterfly species. Ecological. Applications. 15, 250–257.
Hanski, I., Simberloff, D., 1997. The metapopulation approach, its history, conceptual
domain and application to conservation. Metapopulation Biology: Ecology, Genetics
and Evolution. I. Hanski, Gilpin, M.E. San Diego, Academic Press: 5-26.
Hanksi, I., 1999. Habitat Connectivity, habitat continuity, and metapopulations in
dynamic landscapes. Oikos 87, 209-219
Hanski, I., & Ovaskainen, O. 2003. Metapopulation theory for fragmented landscapes.
Theoretical Population Biology, 64 (1), 119-127
Hersberger, A. M. 2006. Spatial adjacencies and interactions: Neighborhood mosaics for
landscape ecological planning. Landscape and Urban Planning, 77 (3), 227-239.
Hess, G. R., Bartel, R.A., Leidnes, A.K., Rosenfeld, K.M., Rubino, M.J., Snider, S.B.
Ricketts, T.H., 2006. "Effectiveness of biodiversity indicators varies with extent,
grain, and region." Biological conservation 132(4): 448-457
Hilty, L.M., Arnfalk, P., Erdmann, L., Goodman, J., Lehmann, M., Wäger, P., 2006. The
relevance of information and communication technologies for environmental
sustainability e a prospective simulation study. Environmental Modelling & Software
21 (11), 1618e1629.
168

Hobbs, R.J., 1992. The role of corridors in conservation: solution or bandwagon? Trends
Ecological Evolution 7, 389–392.
Hodson, M., Marvin, S., 2009. "‘Urban Ecological Security’: A New Urban Paradigm?"
International Journal of Urban & Regional Research 33(1): 193-215.
Huston, M.A., 1994. Biological Diversity: The Coexistence of Species on Changing
Landscapes. Cambridge University Press, Cambridge.
Jim, C.Y., Chen, S. 2003. Comprehensive greenspace planning based on landscape
ecology principles in compact Nanjing city, China, Landscape and Urban Planning,
65, 95-117.
Jongman, R., Pungetti, G. 2004. Ecological Networks and Greenways: Concept, Design,
Implementation, Cambridge University Press.
Jongman, R. H. G. 1995. "Nature conservation planning in Europe: developing ecological
networks." Landscape and Urban Planning 32(3): 169-183.
Kirby K., 1995. Rebuilding the English countryside: habitat fragmentation and wildlife
corridors as issues in practical conservation. English Natural Science, Peterborough.
Leahy, C.W., Cassie, B., Walton, R.K., 2006. Massachusetts Butterfly Atlas 1986-1990,
Massachusetts Audubon Society.
Li, H., Wu, J., 2004. "Use and misuse of landscape indices." Landscape Ecology 19(4):
389-399.
Lindenmayer, D. B., Franklin, J.F., 2002 Conserving forest biodiversity: a
comprehensive multiscaled approach. Washington, D.C.: Island Press
Löfvenhaft, K., Björn, C., Margareta, L., 2002. "Biotope patterns in urban areas: a
conceptual model integrating biodiversity issues in spatial planning." Landscape and
Urban Planning 58(2-4): 223-240.
Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P., Hector, A., Hooper,
D.U., Huston, M.A., Raffaelli, D., Schmid, B., Tilman, D., Wardle, D.A. 2001.
"Biodiversity and Ecosystem Functioning: Current Knowledge and Future
Challenges." Science 294(5543): 804.
Mann, R. B. 1991. Boston's southwest corridor: From urban battleground to paths of
peace. Places, 7 (3), 46-61
Margules, C. R., Pressey, R.L., 2000. "Systematic conservation planning." Nature 405:
243-253.
Mazza, L., Rydin, Y., 1997. Urban sustainability: discourses, networks and policy tools.
Progress in Planning 47, 1–74.
169

McGarigal, K., Marks, B. J., 1995. FRAGSTATS: spatial pattern analysis program for
quantifying landscape structure. G. T. R. PNW-GTR-351. Portland, OR, U.S.
Department of Agriculture: 122.
McGarigal, K., McComb, W.C., 1995. Relationships between landscape structure and
breeding birds in the Oregon Coast range. Ecological Monographs 65, 235–260.
McGarigal, K., Cushman, S.A., Neel, M.C., Ene, E., 2002. FRAGSTATS: Spatial Pattern
Analysis Program for Categorical Maps. Computer software program produced by the
authors at the University of Massachusetts, Amherst, available at the following web
site: http://www.umass.edu/landeco/research/fragstats/fragstats.html.
McGarigal, K., Cushman, S.A., 2005. The gradient concept of landscape structure. Pages
112-119 in J. Wiens and M. Moss, eds. Issues and Perspectives in Landscape
Ecology. Cambridge University Press, Cambridge.
McIntyre, N.E., 2000. Ecology of urban arthropods: a review and a call to action. Annals
of the Entomological Society of America 93:825–35.
McIntyre, N.E., Rango, J., Fagan, W.F, Faeth, S.H., 2001. Ground arthropod community
structure in a heterogeneous urban environment. Landscape and Urban Planning
52:257– 74.
McKinney, M. L., 2002. Urbanization, biodiversity, and conservation. BioScience 52:
883-890.
Middleton, J., 1994. Effects of urbanization on biodiversity in Canada. In: Biodiversity in
Canada: A Science Assessment for Environment Canada. Environment Canada,
Ottawa, pp. 15-20.
Mörtberg, U. M., Balfors, B., Knol, W.C., 2007. "Landscape ecological assessment: A
tool for integrating biodiversity issues in strategic environmental assessment and
planning." Journal of Environmental Management 82(4): 457-470.
Murcia, C., 1995. Edge effects in fragmented forests: implications for conservation.
Trends in Ecology & Evolution, 10 (2) 58-62
Musacchio, L. R., 2008. Metropolitan landscape ecology: Using translational research to
increase sustainability, resilience, and regeneration. Landscape Journal, (1), 1-8.
Nikolakaki, P., 2004. "A GIS site-selection process for habitat creation: estimating
connectivity of habitat patches." Landscape and Urban Planning 68(1): 77-94.
Noss, R.F., Harris, L.D., 1986. Nodes, networks, and MUMs: preserving diversity at all
scales. Environmental Management 10:299-309
Noss, R. F., 1990. Indicators for monitoring biodiversity: a hierarchical approach.
Conservation Biology, Blackwell Publishing Limited. 4: 355.
170

Noss, R. F., 1993. Wildlife corridors. Pages 43–68 in D. S. Smith and P. C. Hellmund,
editors. Ecology of greenways. University of Minnesota Press, Minneapolis.
Öckinger, E., Dannestam, Å., Smith, H.G., 2009. "The importance of fragmentation and
habitat quality of urban grasslands for butterfly diversity." Landscape and Urban
Planning 93(1): 31-37.
Office of Geographic and Environmental Information (MassGIS), C. o. M., Executive
Office of Energy and Environmental Affairs., 2010. "Protected and Recreational
OpenSpace ", from http://www.mass.gov/mgis/osp.htm.
Olff, H., Ritchie, M.E., 2002. "Fragmented nature: consequences for biodiversity."
Landscape and Urban Planning 58(2-4): 83-92.
Opdam,P., Foppen,R., Reijnen,R., Schotman,A., 1995.The landscape ecological approach
in bird conservation: integrating the metapopulation concept into spatial planning.
Ibis 137:139–146.
Opdam, P., 2002. Assessing the conservation potential of habitat networks. Applying
landscape ecology in biological conservation. K. J. Gutzwiller. New York, Springer
Verlag: 381–404.
Opdam, P., Verboom, J., Pouwels, R., 2003. "Landscape cohesion: An index for the
conservation potential of landscapes for biodiversity." Landscape Ecology 18: 113–
126.
Opdam, P., Foppen, R., Vos, C., 2001. "Bridging the gap between ecology and spatial
planning in landscape ecology." Landscape Ecology 16(8): 767-779.
Opdam, P., Steingröver, E., Rooij, S. v., 2006. Ecological networks: A spatial concept for
multi-actor planning of sustainable landscapes. Landscape and Urban Planning, 75
(3-4), 322-332.
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